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What follows is the result of a little over a year's study of 
solar Aedes and what it can do, I have made no attempt to be unbiased 
in advocacy of solar energy as a preferred power Peer the ie: speak 
for themselves. After having looked at the various methods that are 
employed or could be employed to generate Riles I'm convinced and I 
hope eh eet you that solar energy is superior fo fossil fuels 
and nuclear fuels when all factors are considered. The fact that in 
some instances solar energy is somewhat more expensive than energy 
now produced will ameliorate itself as the costs of fossil fuels 
Yise (as ee ene they must) and as the dangers of nuclear power 
become more apparent. Thus, for those who share concern for the 
quality of life and for the fact that there is only one earth to live 
with, hopefully this paper will present convincing evidence that 
extensive development of the sun's energy must begin now. 

The following makes no serious attempt to extensively develop the 
physics of solar energy or the technologies by which it is utilized. 
Only the barest and most easily comprehensible account of it is pre- 
sented since I suspect that most readers will not care to study solar 
Eee in detail. But for rat care to, there is an extensive 


bibliography in which a good part of this information is represented. 


For some of the calculations I've done, there are also several appen- 


dices sketching the procedure I followed. 

-Hopefully an interest in using solar energy will be stimulated or, 
at the very least, awareness of che ecological problems inherent in 
development of Montana's coal fields. At any rate, there are myriad 
ways to put the sun to work—many of them are quite simple and fee. . 
pensive. All of them can be ecologically aia e If anyone does 
incur an interest and has questions that this paper doesn't answer 


feel free to contact me for further information. 


advantages of solar energy 


Why should anyone want to use the sun for anything but growing 
plants and making staves Peer Even though it has been conclu-— 
sively shown that sunlight can be converted into forms of aE. which 
are easily itilizable for space heating, cooking, electricity produc— 
tion and other things, currently existing methods of energy production 
employing coal, oil or nuclear fuel are prevalent and, at least at the 
present time, they are cheaper and more widely available. Is there any 
reason for extensive development of a new ae Hae of energy? 

Answers to these questions are becoming more apparent as the 
prices of current conventional fuels increase and as supplies of them 
dwindle. Already shortages due to diminishing non-renewable fuel re- 
sources and exacerbated by ever increasing demand for energy are being 
felt in many parts of the United States and sae industrialized 
nations. No matter what federal energy officials and power company 
executives promise about their future availability, it is obvious that 
allieviation of the short supply can only be temporary. Clairvoyance 
isn't necessary to see that the earth has only limited supplies of 
coal, oil, gas and even nuclear fuels and that eventually these must 
be exhausted no matter how conservatively they are used. Power company 
eater iis eateeee which will have you believe that the solution to an 


energy crisis lies in the development of Montana coal field or North 


slope oil reserves are blatantly specious. At best, this solution is 
transient—at worst, an ecological disaster. 

“Nor can the solution to energy or resource shortages be found in 
recycling or conservation. These, of eoneaee will postpone the time 
when our resources are finally exhausted, but they cannot stave off 
that time forever. Thus, as has been tersely shown in boors such as. 

' The Limits to Growth, any continuing exploitation of non-renewable 
resources must inevitably result in depletion of that resource. TFur- 
‘thermore, by our dependence on these resources for the accouterment 

of this cometnehavaL a their depletion means change, if not disaster 
for our civilization. 

What to do then? Certainly conservation will extend the easy 
availability of energy resources. Conservation should not be taken — 
to mean simply curtailment of some ai the more wasteful eeendt runes 
of energy, but also curtailment of all frivolous demands which anyone 
could well do without. No one really needs an electric toothbrush, an 
electric garage door opener, two televisions or an electric can opener. 
Similarly, trail bikes, snow easy and the ie can by and large 


be done without. Disposable aluminum drink containers, at the price 


Ste ate Ft 
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a oe Ps : . 
See The Limits to Growth, reference 10 in the general bibliography 


of .3175 kwhr a piece in energy arenes are most certainly a frivolous 
demand on resources. But ultimately conservation must mean. immediate 
and drastic curtailment of the growth of energy demands, for if demand 
for energy (an other natural resources) continues at its present growth 
rate, our resources will be exhausted much sooner than with no growth 
-at all. Px graphic Tn ierae oa is provided by our use of coal. If the 
present supply of coal will last for 400 oes: at the current rate of 
use, then given only a 2% annual rate of growth for demand, this supply 
shrinks to enough for only 10 pears th A pointed argument for zero ~ 


resource-demand growth. Supplies of natural gas and oil shrink simi- 


orale reduced from bauxite by electrolysis at 100% efficiency 
which is never the case, requires about 1.93 x 10° kwhr of electricity 
per metric ton. (Chalmers, Energy). Take an average aluminum beverage 
container to weigh 20 grams; then it takes .3858 kwhr to make only the 
aluminum for one can. That doesn't include the other energy costs of 
making it. At the industrial rate for electricity charged by Montana 
Bowem (of saboutul¢ per ewhr that's, .3858¢ per can. Similarly, for 
steel cans, weighing an average of 55 grams a piece, it would take 
-0314 kwhr to make the steel for one can assuming the energy to cost 
1¢ per kwhr and 100% efficiency (27.5.calories per mole of iron). If 
a vending machine holds an average of 100 aluminum cans, that's 38.58¢ 
of metal in each soft drink vending machine for every 1000 people in 
the US, that's $81,018 of aluminum cans in vending machines alone. At 
a turnover of 100 cans every month, that's $972,216 or 972,216 kwhr of 
aluminum cans in one year from these disgruntling machines. How much 
of this is re-cycled? 
30he actual figure for coal reserves is irrelevant here although 
400 years is one estimate of these reserves. The point I want to make 
is how the growth rate of the demand affects the availability of coal. 


tet, Robiscoe, "The Effect of Growth Rate on Conservation of a 
Resource", American Journal of Physics, IV: 5 (May 1973), p. 719. The 
2% growth rate of demand is a conservative figure —- 5% or 7% would be 
closer. 


larly, but since known reserves are much less in this case, their 
fee availability is also much shorter. 

* Beyond conservation, new sources of energy must be found and 
developed if energy is to continue being consumed at present rates or 
even higher rates. Noclean power will of course supply part of the 
needed power, but to ses mind it is not a very elegant way of doing 
it if the possible environmental consequences are eeiderede Cer— 
tainly coal, oil and gas will continue to parerar ts ment Tetemera 
for energy until they become too scarce and expensive, but again the 
argument for uncontrolled exploitation of these fuels is not convincing. 
Let me elaborate. 

In the case of fossil fuels, a short trip to Los Angeles is quite 
enough to convince yourself that increased use of these fuels in Mont-— 
ana will not make the big sky any prettier. Just how onerous the prob-— 
lem will be is difficult for a Montanan used to relarively clean air 
to imagine. In neighboring North Dakota Lignite-fired generating 
plants along LHe Seed River dump a plume of waste gas into the air 
visible for over 30 miles. And these plants are smaller than those 
seat: for Colstrip. The four Corners generating complex pours out 
enough atmospheric pollutants daily to qualify it for the Ee ahs 


dubious distinction of being the one of the world's largest polluters. 





5 ett : | 
It poured out, at the beginning of its operation, 300 tons of 
particulate matter per day into the atmosphere. See Holdren and 


Herrera, Energy. 


The complex is about the same size as the one planned for Colstriv and 
like the Colstrip Beats ePecoelics power to cities remote from it-- 
Los Angeles, Phoenix, Las Vegas among them. 

Most of the coal for these western spss ee ae will come 
from strip mining, one of the largest imaginable disruptions of the 
earth's surface. In fact only about 10% of the nation's coal reserves 
are amenable to strip mining. A similar percentage of Montana's coal 
is available for strip mining®, a proposition that will ultimately dis~ 
turb about 1000 panes miles of Sieben Aghont saat: To develop the te= 
maining 90% of the coal et oc deep mining techniques must be used. 
Nation-wide it is estimated that 71,000 square miles of land will be 
strip mined at an environmental cost that cannot be peteulaced ss 
ie area of land equal in size to West Virginia and Pennsylvania and 
yet only 10% of the coal reserves will have been tapped. Certainly 
a profligate use of land. 

Going beyond environmental damage, which is not a very convincing 


argument to those removed from its immediate consequences, let's see 


aos Schwennesen, "Montana Faces a Vast Strip Mining Boom"; Envir-— 
onmental Pollution in Montana, ed. Robert Bigart (Missoula, MT, 1972), 
Direelole 


anti a eee 





Sina Eye Regulations for Strippers"; Environmental Science and 
fechnologwaey January; £972), ip a7. 


what the depletion of fossil fuels means industrially. © It is obvious 
that the ease of transportion by car will cease as will other means of 
Erancnort that cannot be converted to a non--fossil fuels Furthermore, 
plastics and many synthetic Paroles will become very expensive since 
they use petrochemicals as one of their Asem ingredients. The 
scarcity may be mitigated by a decrease in the quantity of plastic 
garbage offered to consumers, but it will certainly make for Ronen 
iences, too. Count the articles of clothing that Bye made aen syn- 
thetic fabrics. Perhaps it would be best to postpone the day of 
scarcity by developing another energy source which does not use fossil 
fuels. 

Nuclear generating plants can be eaected to produce a large share 
of future energy needs, but it, too, is not a blessing without mitiga-— 
tion. rootmicat problems with both reactors and radioactive waste 
disposal remain to be solved. Recently, an issue of controversy has 
been the safety OE eanerore Whether or not all possibilities of a 
catastrophic breakdbwn of an operating reactor have been eliminated is 
a moot point-one that has not yet been resolved and certainly ought to 
be before nuclear reactor construction proceeds full-tilt. The dimen- 
sions of an atomic*calamity are too great to be stented as the danger 
to life and environment is not only immense but long-lived. 

The problem of radioactive waste disposal hasn't been satisfactor— 


ily solved either. The Atomic Energy Commission feels that underground 
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chance of surviving the next two weeks 23 

Of course that's an EECreneLy unlikely situation. ae: does 
illustrate the magnitude of the problem. These wastes are extremely 
hazardous to all biological organisms, especially the more complex 
ones, such as people. And the hazard is not a short lived one either. 
The wastes will remain dangerous for 500 — 1000 years. The fuels for 
breeder reactors are even more odius. Should they manage to eee 
safe confinement, the time they remain dangerous, if not sufficiently 
Fe must be measured in thousands of years rather than hundreds. 

Nor is any particular ahevicr esis merited in the storage facilities 
for these 2b uaep In fact the storage tanks at the reactor in Hanford, 
Washington, have already developed leaks. Ten of the 149 tanks there 
have already leaked, seeping 200,000 gallons of radioactive waste into 
the roundec The remaining "sound" tanks must not develop leaks for 
at least 500 years if the dangers from these wastes is to be eliminated. 
This is not a very confidence-inspiring record so far. 

Using a fusion process to produce energy is the saviour by which 
yao hoped to be delivered from an energy crisis. If the process can 
be harnesses, it certainly could make energy in a virtually unlimited 
supply. But to-date a alice process has been sustained for only a | 
very small part of one second. The problems involved in generating 


il 
32 4, Robiscoe deserves: credit. for this calculation. 


ae ey de Holdren and Phillip Herrera, Energy. (San Francisco, pS ie Oe 
Dp. oO: 
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underground disposal in bedded salt is re safest means but a recent 
attempt to use an Tndereeoure salt mine at Lyons, Kansas, mreraiege in 
eonaet rion from the Conese ete who would have to live with a rad- 
ioactive garbage dump in their midst, an indication that all was not 
safe with the method of disposal. An indication of the magnitude of 
the wastedisposal problem is the amount of radioactive waste accumu— 
lated. It is estimated by the AEC that there will be roughly 400,000 
megawatts of installed generating capacity by res. By 1995 another 
estimate has the figure at about 600,000 Peraueit ta Ciel Ce these 
estimates should probably be reduced somewhat aoe installation | 
of nuclear plants is lagging behind schedule.) Considering ies eects 
of raetpecerce waste a nuclear plant usually produces, there will be 
about 600 billion curies of stored radioactive eete atte styseertntbn 
if the world's population is 6 billion there will be 100 curies of 
radioactive wastes (consisting principally of strontium = 90 and cesium 
~137) per person. If each person where to take his 100 ee and sit 


in front of it for a couple of minutes, he would have about an even - 


Pot O. Blomeke, Jere P. Nichols and William C. McClain, "Manag- 
ing Radioactive Wastes", Physics Today, XXVI: 8 (August, 1973), p. 36- 
42. 
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Donella H. Meadows, et al. The Limits to Growth. (New York, 19.72) 


a Chavaceuestacce "Energy and Power", Energy and Power. Edited by 
the Scientific American (San Francisco, 4071),°p. 3.1. 


a eae D. olve 


temperatures of 20 million degrees centigrade and containing the matter 
heated to that pel oe ult are immense, and they certainly won't be 
solved quickly. Assuming that they are solved however, the problems 
created by waste heat um fusion power plants. could be dat Licele 
Meter by themselves. This problem of global heat balance is inherent 
in almost any type of energy production, but when unlimited energy 
becomes available, then so will unlimited thermal pollutions. 

By now the point I want to make about solar energy should be 
obvious. It can meet our energy demands but ,without the problems of 
limited fuel supply or pollution inherent to fossil-—fueled or nuclear 
generating plants. In fact sunlight falling on the earth has 31,000 
times more energy ee is presently consumed and the winds contain 
100 times more hun hilb The fuel supply is eternal and virtually 
pollution-free. If the 1000 square miaee of Montana that are te be 
decimated by strip mining were covered with solar collectors instead 
and the energy converted to electricity at Perea Ly efficiency of 
30% after the eae ped scheme, then kwhr of electricity could 
be produced in an average pees If the same scheme were to be used 
on a national scale, then one million megawatts of electrical power 


could be derived from about 5000 square miles of land in the southwest— 


Sacre Rocks and Richard P. Runyon, The Fnetrgy Crisis, (New York 
1972,)-5--pon604 ; 


16 oie A.B. Meinel and M.P. Meinel, "Physics Looks at Solar Energy", 
‘Physics Today, XXV: 2 (February, 1972). 


'This Setimate is based on actual insolation data for Great Falls 
over the period 1952 - 1967. See Appendix 1. 


ee 


erm) United States. »°This is/50Z° of ‘the present total energy consumption 
of the United States, and roughly 20% of the projected total energy de- 
ite fa the year 2000. Compare the 5000 square werecWehat would be used 
for solar energy with 71,000 square miles of land that will be disturbed 
by strip mining. It is clearly a more efficient use of land. Also the | 
sun will shine on these 5000 square miles long after the 71,000 square 
miles have been stripped, and furthermore the earth's surface Pike 
intact thereby producing no disturbance to water tables or eee with 
reclamation. As a bonus, solar energy will not disrupt the global heat 
balance as all ste methods of energy production necessarily do. 

There must be a catch somewhere or solar energy would long since 
have been our major source of energy. The economics of solar energy 
‘are at present unfavorable. While the fuel is forever free, the equip= 
ment to convert solar energy in its raw state is not and therein lies 
the costs. All utilization of solar energy is capital Fata ey ste that 
is, large capital expenditures are required initially but thereafter 
the cost of producing energy is limited to abet Stee costs alone. In 
the following pages I hope to convince you that solar. energy is indeed 
practical both economically and paceeue ale y and will become even more 


so as the prices of conventional fuels rise. 
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it is reassuring to know that a source of energy exists that 
has none of the ecolestoat prouiens eect are with conventional or 
nuclear Fuels. But Singe Bun Ti pac’ te obviously quite dilute, falling 
on the earth at pata of 1.5 eal ee ded ee eri per ees 
moons must be fanned to dolider this b= ie nd to concentrate and 
collect it. As I shall show in : Satan chapter) most uses of thermal 
energy for BEES Bs 9 Ae a OMe Conteratices much higher than 
those that unconcentrated sunlight can Arodunt ene they are to be at 
all efficient. Even applications Fon whieh Lower temperatures are 
eigibiie; scar: #e space Heatdtee rust Act laee soe apparatus a 
collect sun lvenee This is te Shove nonits to easy utilization of 
solar bit oe Pak sevaatee I sketch some ways by which this is done, 

a few things about the nature of the sun and sunlight ought to be 
discussed. 

Thesantens ity, of solar radiation is netaary measured in langleys, 
defined so that one langley equals one Co aN ee ss If at some 
place in Montana solar radiation fell on the earth at an average of 
350 langleys per anes then 290 oe Teceives 2:56 «110! calories or 
FT etiea 10° BIU of energy per yea In eaere 350 langleys/day is about 


‘ ; oat : 
the average insolation rate for Montana and 200 m is about the size 


of the roof of a small house. Thus the roof of a small house receives 


+ 2 vs 
556 cal/min te ='3.69 BIU/ft min = .0698 watts/cm . 


at 
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roughly 5 times more solar Aa eeee on sa roof than is needed to heat 
it for an average year.” tears Hem ineolati on rate does not remain 
hae throughout cheek Bue varies Fronts low of 114 langleys/day 
in December to a high of 633 langleys/day in July (see figures 1 and 
purines Pre wiicers oried Mhesneat ine load is ee vest the 
insolation rate is pg al But jerk cute Rien een when the heating 
loads are most Spear Le soar eneeey fend 200 m- is aura enya 
times more iA is needed"to hast f 15,000 BIU/DD estes It thus 
al reasonable to use sitlaeht tar Ep ade Wear ine iaien tana 
Solar radiation received at thd earths outer atmosphere amounts 
to nearly 2.0 Pea ae but ter traveling through the atmosphere, 
it is reduced in rate to anywhere from 1.5 aa [ome min to practically 
nil. This dissipation is accounted for by absorption and scattering 
of the Light by the constituent molecules and particles of the atmos- 
phere. The amount of depletion feo the initial velee OLgZso ica 
min depends on the length of the sun's path through the atmosphere and 


also on the density of particulates in the air, on the density of 


‘These numbers are calculated using 15,000 BTU/degree day as the 
heating load for’ the-house, and. the-normal..annual heating..degree days 
given.in ‘Monthly. Normals-.of ‘Temperature, Précipitation, and Heating 
‘and Cooling Degree’ Days 1941-70 (see reference 4). The 200 mé is 


————— 


assumed to be horizontal. 





Reyne I., "Frequency of:-Daily.Insolation in Anglo North 
America during June and December," Solar Energy, XI (January-March, 
1967), pp. 51-52. 


Lt 


pollutants such as sulfur or Miawopeddcembontac: and on atmospheric 
humidity. Ail Abit lchdnaré beans dqaa1} the amount of depletion from 
the initial value of the solar gonabate is aibect ty proportional to 
the optical Jig agi es hreten altitudes receive more sunlight, 
and winters are less sunny than Lei ceGs But tHe Gatteat path Waaien 
is not the only factor that reduces insolation Heres in Hester. 

The solar constant, or the intensity and rate of solar PE ation, 
also depends on the angle at which sunlight strikes a surface. In 
eRe EE angle deviates most ee normal ee ee consequently, 
the See Bee eat its not so great as during the summer when the 
angle is closest to 90°. (See figure 3.) 

Cloud cover affects the sun's intensity in a familiar way, either 
diffusing the light so that lar ere does not follow a direct path 
to earth or blocking it out almost entirely. As we shall later see, 
clouds affect the collection of sunlight in an important way, but they 
don't make it completely impossible. | 


For completeness’ sake there is one last factor affecting the 


solar constant for a specific place. The earth does not orbit the 


ie figures represent mean daily insolation on a horizontal 
surface and are based on actual data for Great Falls....The degree 
days are also actual data for..Great..Falls. -Also. see“Monthly Normals 
of Temperature, Precipitation, and Heating and Cooling Degree Days 
(1941-70. ) 
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sun in a perfect aes oe ta the orbit Hab an eccentricity of .017 
from which pees tte of apithelion torparathel sda distance from sun to 
earth can be Bee The difference in distance affects insolation | 
rates within a range of 3.3%.> 
There is an interesting postscript on the effect of atmospheric 
pollutants on the solar ote cae A recent study showed that in 
ids ee bem the solar constant nad. adereased 23% in the last half 
century, and in antiner on D.Ci, it has fants oe Byeten These 
' decreases are attributed’ dizectly to the effects of increases in 
atmospheric old nth ont ‘Givens tie ent ulllt and no abatement of 
pollution rates, using a OES UE) cities ae well prove 
itipractical Sf not indeed Dee 
Solar radiation can be divided into two components: direct beam 
and diffuse Leet etc Direct Beam radtath oat that coming directly 


from the sun, comprises the largest portion of solar radiation on a 





clear day——-90Z or more depending on atmospheric conditions. Diffuse 


radiation is that which has been scattered and reflected by the atmos— 
phere, ground cover or clouds. It ts most intense near the sun but 


is by no means limited to its vicinity. On cloudy days when the 


ei toon ab ete Daniels, Direct Use of the Sun's Energy (New York, 
LO fagotto 
: R. K. Swartman, C. Swaminathan, and J. G.-Robertson, "Effects 
of Changes in the Atmosphere on Solar Insolation,'' Solar Radiation, 
ALY (Tanuary, 2973S) po.) 197-20 22 
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Fig uy 
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sun is obscured, it is thbhoniyeradthetoabyceen in’ thé,eatthe The 
sum of direct beam and dig thabimadtateae Maes total hemispheric 
paddetaon Later lichempattapeenok distinguishing between these two 
components of solar radiation will become suneeenine 

The most commonly measured value of solar radiation is total 
hemispheric radiation on a Peon | erie ce bee ecaadetia ae hously 
or dathy using an tReet called a i han ie ee The Weather Bureau 
has data for total hemispheric radiation on a horizontal surface 
recorded for waiutclis pit cbenndir aye lengths of fie Sane stations 
in Montana being at Great Bal kes and plasec Only at Great Falls are 
these data taken at hourly igieetys ee ecmeon ofS ney only total daily 
issovadnod. One problem with these anes is their N ecuce 
estimated to be +57 for accurately calibrated instruments and +107 
for those less carefully cabthhacede A second problem ren iaeolstion 
data is the lack bein. In Montana only the two cities mentioned keep 
any sort of a record of EBM ps aes and only pete these keeps an 
hourly record. Later the importance of hourly radiation and weather 
data for estimating the performance of solar heating systems will 
become elon Right now suffice it to say that the lack of data anicest 
it very diffictlt to predict a solar energy system's performance for 
areas of Montana Be ee the climatic conditions are very much 
different than those at Great Falls or Glasto. There have been 


studies done by various people to correlate and predict insolation 
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rates by using ethicu os itheradens® In general all that can be said 
about these predictors is Ree ieee not Ay carted as the not 
so carefully calibrated pyranometers are their accuracy is about 

+102)" but af other data is poche: eee pede eLars are all that 
remain. 

Direct oe etiatt one esenrad: by a pyrheliometer, is measured 
ere tarer otations in ie Univedistares ane none of them Lo 
tee Th toe ameatarion Drstsabed tus saath this component is. 
somewhat more como ae Sais cites setae the pyrheliometer be con- 
tinuously prironted ae the dhecetiantof Hania In facti 12 always 
very important to know where the sun is relative to either a pyrhelio- 
meter or pyranometer so that the direction of the direct beam 
radiation can He Asareieyepoecyh (See plaerep Lap 

There is at least aera thing of interest about the sun. The 
sun is, to a good approximation, a perfect black-body. That means 


that its irradiance at a specific wavelength is given by 


ca ee - 
ep(ayan = SMe. ____ 4 ____ ay. 


‘this equation was first derived by Planck. Irradiance has 
units watts/cm’. The other parameters in the equation are: — A = 
wavelength, h = 6.63 x 10-27 ergs sec, fee °93"s 101% cm/sec, k = 
Looe 1076 ergs/deg. 


‘ TaN 


Lae 


When the power is graphed versus wavelength, we get a figure that looks 


Likesthis: 


Power 





Wavelenath 


‘Acturall epsarkt Eau ayes or near Bil deiboay, will have an irradiance © 
versus wavelength curve like ile: In fact aay body emuesre acre 
absolute zero in temperature radiates some energy Yo EE sucroandings 
(and vice-versa). Just what the intensity-wavelength curve is - 
depends on the temperature T of the 2 eter: when selective 
surfaces are i eneeeae I'll talk about this again. But Wonealeete 
see what some of the equipment does that converts sunlight to See : 


energy. 


(Es, 


using solar energy 


Historically, the sun has been put to many uses. Generating 
electricity, distilling ea heating Os 2 Vomahios metallurgy— 
all these and others are possible applications of solar energy | 
utilizing no other fuel but the free stuff from the sun. Not all 
of these are useful in Montana, however. All of the methods ce 
nitty Praccstcar., ti fate without more excuse than economics and 
convenience, water sit J Oe ae dear ay will be © 
dismissed from further consideration here. Anyone who would like © 
to know something about the manner in which the sun can provide 
energy for these processes can consult the literature on solar 
energy. 

There are two general applications of solar enersy 0 high’ 
aR: and low temperature. High temperatures are needed for 
the economic operation of such things as steam electric generating 
plants, while low temperatures can be used for space heating and 
other em Loans where the efficiency of tale equipment involved is 
not dependent on temperature or where its efficiency, if temperature 


dependent, is of little concern. 


oo 
ey + 
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Why the concern for efficiency ff the fdel se evee? Because 
while the fuel is epee: Lie sie ate) for collecting and using it is 
not. Thus, if there is a device which we wish to power by solar. 
a that has an overall efficiency of 10% (including the efficiency 
of the collecting apparatus) and another machine with an overall 
Lee SE of 20% ed is also solar-powered, then the second device ~ 
uses one half as much area of collectors as the first for mate 
total energy output. - Translated into eee this means that the 
collecting apparatus for the first device costs twice as much as 
that for the second, and as a COLTER [he enerey .bom Jbeae 
more expensive per kilowatt hour. 

How is the efficiency of a solar energy Hees device determined? 
Except for photovoltaic conversion (solar cL oy ave st all methods 
of converting solar energy into mechanical or electrical energy 
involve heat engines. The efficienty or a heat engine” 1s “ai unction 
of the temperature at which it operates, the maximum efficiency, v, 
being determined by the laws of thermodynamics. In terms of absolute 
rodiecteag hp: of the fluid entering the heat engine, T. > and the 


absolute temperature of the exhaust fluid, To the maximum efficiency ‘ 


LS 


a : 3 

Absolute temperature is temperature in degrees Kelvin, or 
equivalently, the algebraic difference between temperature in degrees 
Centigrade and absolute zero which is -273°C. 
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So to make V as Mex pive as possible, qT, must be made as large as 
possible and T. as small as possible. 

In some cases it is conceivable that the overall efficiency of 
a machine is of no great concern. These cases are almost invariably 
for machines which consume or produce no great amount of ere 
that is, small-scale applications or for machines where both the 
fuel and equipment to use it is cheap. But for large power plants 
the capital invested in a vo enced to erie euany sore. of fue). 
is by no means a trivial sum. So Pe emnneerere of the fluid used 
to turn the turbine (or whatever the machine may be) must be as high — 
as possible. Let's see ehet this means for our solar energy using 
device (hereinafter referred to as a SEUD). 

Imagine that the solar constant for some place is 1 necu pee BS 
Furthermore, suppose that the overall ef ficiency of our SEUD is 40%, 
and that we want to produce energy at the rate of 1000 kilowatts. 
Then we need about 3.58 ae of collector to produce 1 kilowatt or 
3580 fe for 1000 kilowatts. At an vena ens Clenry of 5%, the 
area of collectors we need to produce energy at the same rate is 
octupled or is about 28,640 ie Now if we want to produce energy 


at the same cost, then the collectors and the additional land they 
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occupy used in the 5% efficient device musterose less by a factor of 
8 assuming the other equipment to be of equal cost——not necessarily 
true. Obviously, this is a situation that we would like to avoid. 

Now then, what temperatures, qT. and Ty» do SEUD's of 40% and 
5% efficiency require? Assuming that the working fluid is mater 
the temperature To must be at the least 100°C (212°F) ie steam 
turbine is used. Then T, for the 40% efficient device is atone 350°C. 
and for the 5% SEUD it is about 120°C, a difference of 230°C! 
Clearly, high temperatures are necessary for a high efficiency heat 
engine. 

What kind of collectors can be used to produce high temperatures 
and what sort evonuce low temperatures? Basically there are two 
collector types: focusing and flat—plate. eee collectors 
take the solar radiation falling on a large area of land and concen- 
trate or focus it Pine OR area with resultant high temperatures; 
temperatures as high as 3500°C are possible depending upon the ratio 
of concentration and efficiency of the ba eer etn Flat—plate 
collectors use no or little concentration but merely collect the ~ 
abe eo falling on them. On a clear summer day temperatures of 
100°C may pened but usually one WITT VOLELiT Cult. oO hor 


high efficiency SEUD concentrating collectors must be used. Low 


2 f A 

Theoretically temperatures higher than 3500°C could be reached. 
I give this as a maximum because it is about the temperature achieved 
by the large solar furnace operated at Odeillo, France. 


Oot 


efficiency applications, for example the simple production of Low- 
grade thermal energy, can use flat—plate eee 
More about this in the een on flat-plate collectors. 

Usually when ah hears about using the sun to generate | 
electricity, solar cells spring immediately to mind. They are solid— 
State devices, not unlike ee that convert Drmgn rc aiscccly 
to electricity—there is no intervening heat engine. Solar cells 
have been used extensively and reliably to provide power for ERP a TT rae 
neo a lesser een to provide power for earth—-bound remote — 
places where the cost of using and replacing batteries is too eats 
Now what about using solar cells for large scale commercial power 
production? Per kilowatt, they currently range in cost’ from at | 
least $1000 to $3500 depending upon the type and its Beeteqecey 
Their lifetimes, nih catgs fhe period of times that they can pe expected 
to produce electricity, pre contingent on the type of cells, but 
for those of longevity, 20 years is an optimistic faces Since © 
fossil-fueled or nuclear generating plants have a cost of about $250, 
more or Weae: per kilowatt of installed generating Henactea solar 
cells still cost much more. Cadmium sulfide cells could be produced 
for about $5 per a: in large act ti os according to a recent 
echdiatemn Gitex a maximum conversion efficiency of approximately 


sreseuudds Report by Aubum University Engineering Systems Design 
Summer Faculty Fellows, NASA, September, 1973, pp. 4-10. 
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6% for CdS cells made with thin film technology rather than by the © 
laborious and expensive process of crystal growth, this amounts to a 


cost of roughly .86¢ per kilowatt-hour in Great Falls.’ The calcula~ 


Se eee ot ee ecUNA OI (arty der arene eas an PORTIS CEO IP OR 


tion ignores the costs of distribution and energy storage, if Te 
Only the cost of producing the CdS Pale geonsi ders Estimations a 
installation and deterioration are difficult and most likely would be 
unreliable, so I haven't included them. Also a 10 year life ec ae 
tancy is too high--5 years may be a better estimate considering 
current technology, thus doubling the cost per kilowatt-hour. Even 
so, CdS solar cells may not be too far from economic feasibility. | 
These solar cells are presently being used in Solar House t, a . 
project of Maria Telkes and the solar energy people at the Institute 
of Energy Conversion. The cells serve a dual purpose. They produce 
quite a lot of heat during operation so that it is possible to circu- 
late air under their backside and remove the heat for use in space © 
heating. The cells are an integral part of the eee making Ltr 
possible to build air ducts underneath then. Tn kottunateies the © 
report from the Institute at the University of Delaware is not yet 
available. 


At an average insolation rate per day of 525 langleys, about 

the correct figure for Phoenix, Arizona, a 6% conversion efficiency 
would yield ~134 hwhr/yr for a fixed horizontal cell. The corres-— 
ponding value for Great Falls is ~95 kwhr/m2. The cost is figured 

for a capital investment of $5 per m2 at 10% simple interest and a 

10 year amortization period. Also 6% is a bit high for the conversion 
efficiency. | 
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Another idea for using solar cells from Peter Glaser. He 
suggests establishing in a stationary orbit about the earth a large 
array of solar cells and mirrors for reflecting additional light 
onto ase The Poa that they generate could be beamed via micro- 
pares +6 a receiver on earth where it would again be converted to 
electricity. The notion is that solar cells could produce more power 
per unit area of cell without the intervening layer of atmosphere 
and also could produce power almost continuously AEs fhenoxoue is 
not in the equatorial plane. Of course, the mene of establishing 
such a power station would be nee et even if the cost of polar 
cells is eee Furthermore, there are ecological Bude cca eae 
The global heat balance would be pect by the addition of energy 
which the earth would normally not receive because ieptincon esse ita 
from the station would eventually deteriorate to thermal spiel ee 
Unless precautions Genet pelen to prevent {te the average temperature 
of the earth would rise. Anyway, the Pee eSE semen of such a 
station is in the distant future. 

It is clear that the direct conversion of sunlight to electricity 
is not yet economically feasible on a large Leer elon with — 
advances in the technology of making solar Siren ceeobare rae CdS 
solar cells, some application on a commercial scale might be possible. 

*Peter Glaser, "The Use of the Space Shuttle to Support Large 


Space Power Generation Systems,"'.Presented at the Meeting of the Astro- 
nautical Society, December 26-31, 1972, Washington, D.C. © 
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The alternative to directly converting sunlight to electricity 
via solar cells, as you might already have peeeeede is the use of 
focusing collectors to produce steam then using the steam in a 
conventional steam reins fap and generator. Focusing collectors 
would not be essential to produce steam from sunlight—flat-—plate 
collectors could also be employed. But as I have previously demon- 


strated, focusing.collectors are an economic necessity for large- 


CR EE IR aE OF 


scale power generation because of the higher temperatures, ergo higher | 


efficiencies, Feat they can produce. 

A focusing or concentrating pes pysttets is some device which 
gathers the sunlight from a large area and concentrates it aia a 
small cess Because of their nature, they are able to utilize only 

the direct beam component of sunlight. Diffuse light cannot be 
focused. So before any estimates of the performance of a system 
using this sort of a collector can be made, the direct beam com- 
ponent of sunlight must either be measured or found by calculation. 
Unfortunately, only very few places in the U.S. are equipped for 
such measurement as I've previously manelene as Equally unfortunate 
is the fact that there is no completely accurate way of pal oulaeiag 
ais erreasorer ey I made a couple of attempts at estimating direct 


beam radiation on a surface always oriented so that it faces the 


| 


3\ 


.) 


sun. For Great Falls the two estimates are SAEXIO and langlays 4 


(see appendix aid 

Now what sort of a device is it that can use only the direct 
beam component of WERE ESY: and produces temperatures high enough 
for use with a steam turbine? There are several types (see figure 1 
for a schematic of the apparatus). One consists of a system of 
many plane mirrors continuously oriented so that they can reflect 
the maximum amount of sunlight falling over a large area to a 
central collection point where'a receiver or boiler is located. Some 
fluid, water for example, circulates through the otoseer ea is 
vaporized at high temperature and pressure, and is then used as 
the working fluid in a turbine and generator set-up. In fact such 
a plant, three of them at last count, has already been constructed 
by G. Francia of the University of ebton Italy. The third produces 
150 kg of steam at 500°C and 150 atmospheres pressure per hour er 
bright sunlight by concentrating the sunlight from 200 a5 $2 °it favs 
onto an overhead receiver. Tp tortmnaeeis such a geometry does not 
‘readily lend itself to the construction of a larger capacity plant 
because of the problems inherent in fhe overhead suspension or 


lapper receiver. 


erhe first estimate is the theoretical maximum energy delivered 
to one cm over one year. The second, calculated using actual 
insolation data and weather information, probably is closer to what the 
direct beam radiation really is. Neither of these estimates is 
trustworthy. | 
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But the Martin Marietta Corporation has designed a vy odes oe 
plant with similar geometry which will accommodate itself to larger 
capacities (see figures 2 and 3). They By the optical system 
and receiver (steam generator) of their design to be 60.8% efficient 
for operation at 540°C (-91000° F) 4s Thus * about 740 a“ of heliostat 
mirrors could produce 100 kilowatts in conjunction with a 247 
efficient steam turbine and sediatpre? The cost of a 1000 kw pilot 
plant is estimated to be $783,620 or $783.62 bet kw of generating 
capacity, a cost considerably larger than for fossil-fueled or 
nuclear planters. Glacupresa ye this cost could Paaaiodd once ~ 
experience is gained with tyis type of electric generation and the © 
associated equipment becomes readily available. 

Another similar configuration was discussed in a recent panes” 
Plane mirrors are again continuously oriented to reflect sunlight — 
onto a boiler mourted atop a 450 m tower. At 35 degrees latitude 


this device (see figure 4) could collect 2700 my of heat per day in 


‘solar Power Cc version System and Applications,--Presentation to 
Wester Systems Co-c inating Council, September 1973, Martin 
Marietta Corporation, p. 35. 


SHEP p. 46. 


ae F. Hildebrandt and L. L. Vant-Hull, "A Tower Top Focus Solar 
Energy Collector," ASME Paper No. 73-WA/SOL-7 (November, 1972). 
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midwinter and about twice as much in midsummer from a 2.6 km 


field, 45% of which is covered with ee mirrors. At the 26% con- 
version efficiency which the authors estimate, this amounts to 

702 mw and 1404 sake electricity for midwinter and SAE NES 
respectively. Figuring the total cost of the installation to be 
$4,400,000 and a year's energy production to be 1731 x ates kwhr of - 

- heat or 4.5 x 10° kwhr of electricity, this reduces to-254¢ per 

kwhr of heat or .98¢ per kwhr of nee cea still somewhat eenensive 
but not prohibitively. 

Vv. A. Baum, a Russian solar energy eR EN had a similar 
idea several years ago. ienead of stationary Belieceere: he pro- 
posed using railroad flat cars with plane mirrors on them. The flat 
cars would move with the sun so that sunlight is always reflected 
att a boiler, again mounted on top of a tower. A. one-fiftieth 
scale model of it was built and performed as expected. The major 
technical problem with these last two proposals is reducing the 
heat losses from the boiler. It may be necessary to evacuate 
an enclosure around it so that conduction and convection losses are 
minimized. That would, of course, increase the cost of building 
the generating plant. 

There is another general type of pacrat power plant that has 
been seriously advocated. This one uses linear focusing collectors 


of which figure 5 illustrates a cross-section (the Fresnel lens may 


- 


Se, Rn RENT INET 


be replaced by a trough-like parabolic or cylindrical reflector . 
depending on which proves to be less expensive). Large arrays of 
these collectors are deployed to concentrate the incident sunlight 


on steel pipe in the center of each. A liquid metal, such as sodiun, 


ee att Dea tS eee Ae ny, oui 


is pumped through the pipes to remove the heat as it By ae, 
The hot sodium is stored in insulated tanks from which heat is ean 
to operate a conventional steam turbine. The reservoirs of liquid 
metal would store enone heat to operate the plant during cloudy 


spells and at night. Additionally, the waste heat from the 


generating plant would be used to PTT water for use in 

arid or semi-arid areas. The Meinels at the University of Arizona, 
4 whom this brainstorm belongs, have proposed the construction of 
just such a plant near Yuma, Arizona, where eye cleas skies would 
make its operation most economical. But the economics of tes even 
with the 330 clear days per year that the country around Yuma 

AE Sete are not altogether Phe sisetmpny The Meinels say that given’ 
a 30% overall efficiency, ‘a cose on! Son) per m for both the collectors 
and storage system, an interest rate of 102, amortization ayers 
years and a 40 year lifetime for the entire Batre? the electricity 
generated Guinness about 55¢ per arenas The tenuous point is 

the $60 cost for collectors and eLorage-—presently it probably eouls 


not be met. 


iY eden B. Meinel and Marjorie P. Meinel, “Physics Looks at Solar . 


Energy,'' Physics Today, XXV: 2 (February 1972), pp. 49-50. 
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Their scheme isn't so wild, however. Around 1913 a similar 
system using water as an operating pid was built and used to operate 
a 50 hp steam engine for an irrigation pump in Cairo, Egypt. If it 
could be done in 1913, it can certainly be done today. 

After this rather disappointing excursion into: thermal conver= 
sion systems, what can be said about the future of it? Successful | 
and economic thermal power generation depends largely on technical 
developments and also on the scp cost oe conventional power. 
If collectors can be cheaply produced and there is a concomitant © 
breakthrough in thin films production necessary for achieving high 
collector efficiencies (see the section on thin Rltmeys ea 
thermal conversion of sunlight into electricity will no doubt be 
looked on as more practical. But none of these breakthroughs will 
occur unless some interested body actively Deemer neni evened f. 
pilot plants were built today, betting that in Phere the know-— 
ledge gained by their operation would be useful if not semen a1 
and assuming that the effort to develop solar power proceeded full 
steam ahead beginning immediately, solar energy could make scarcely 
a dent to the total power produced in this country for mOvey Chan's 
denades The lesson to be learned: research and development of | 


solar energy for power production must begin now! 
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ive surface: 


Now I would like‘to briefly discuss a key technology to most 
all applications of solar energy, namely, selective surfaces. As 
you might remember from the section about the sun where I mentioned 


that the sun is essentially a black body, I also said that any body 


with a temperature above absolute zero radiates energy to its 


surroundings, and if the body and its surroundings are in thermal 
equilibrium (both have the same temperature), then the body's ~ ¢ 


surroundings give an equal ampunt of energy right back. But if the 


body, say a solar collector, is at a temperature greater than the 


ambient temperature, it loses energy to its environment. This we 


would like to prevent since we want to extract as much energy as 
possible from the solar collector. dont of the energy loss can be 
prevented by stopping conduction and convection through proper 
insulation, but inevitably some energy must be lost by radiation. 
How can this be prevented optinnabineds 

Let's imagine that the collecting surface of the solar collector 


radiates as a °pérfect black-body at temperature T Of course it 


Ga 
doesn't radiate this way, but for our purposes the approximation 


will suffice. Now To will be some temperature much lower than the 


temperature of the sun which is about 6000°K. If we plot the Jeune 


dt | 


intensity of the sun and the relative intensity of the solar 
collector versus wavelength on the same Bianbitte get a picture 
like that in figure 1. We see that the major part of the sun's 
energy is radiated at different wavelengths than the solar 
collector's is. Thus, if there is some way Lobinhit t energy losses 
which occur at longer wavelengths but at the same time absorbing 
energy at shorter wavelengths, we could collect more of the that 
energy and have a more efficient Pottectb te 

Let's back up just a bit. Everyone has noticed that on sunny. 
days black objects are warmer than lighter colored things. That's 
reasonable since black things absorb more light than ecteus 2 If an 
ier is made hack ite coating so thinly with black paint or some ~ 
other black-like covering that the kcienade of the coat is not 
so great as the wavelengths at which the body would ordinarily 
radiate the major portion of its energy, bee thicker than the 
wavelengths of the major part of the sun's ee then radiation 
by the body is inhibited, more energy is accumulated Hay it weware 
removing the heat from the collector all along, we are enabled to 
remove more of it at a higher ecnacheae need Now the absorptance (or 
emittance) versus wavelength curve of the collector looks like 


figure 2--more energy is absorbed at short wavelengths and less 
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emitted at longer wavelengths.. It looks as though a technique for 
depositing such a thin coating could be well HS the search. 

Already there are methods for doing this, and depending on 
the expense to which a person wants to go, it can be done quite 
well. Absorptance-emittance Patios commonly Meter aaaro aS aje. 
ratios, express the ratio of the amount of energy Eeeor ned Dy 2 
body to that which it loses by emittance. mnGé ratios as high as 99° 
have been obtained for certain specialized surfaces. But for bodies 
that attain any temperature substantially above ambient, these 
specialized surfaces are not famous Oe ee longevity. Bietace. 
have been made that will withstand moderate ee os tsoe long 
periods. and that have a/e ratios of 9. They are also not terribly 
expensive, and ane costs will be reduced if demand warrants mass 
production of them. So if we coat our solar collector with one of 
these selective surfaces, we ought to get a better efficiency 
collector. 

Solar power generation, such as the Meinel's ee requires 
a/e ratios of at least 10 to be economically fracinee. and these 
eh eraee must be able to We ceed high temperatures for long 
periods of time. Such surfaces can be nadeonoe but not at a 
particularly favorable price. The difficulty see Maen a durable 
coating ota 107 cm thick or finding some combination of materials 


that will give a high a/e ratio is not trivial. The techniques 


AY 


of sputtering and thin film deposition must be improved before a/e 
ratios of 10 become widely aval enie.: When these selective surfaces 
.5 become easier to produce, and when surfaces with higher a/e ratios 
Bee secant tek it ought to be possible to reduce the size of a 
collector array and, hence, its cost and theteoet of the energy it - 


produces. 


In table 1 are some selective surfaces such as might be used 


with .avflge plate. 
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Table I 
Properties of Some Selective Surfaces for Solar 
Energy Rpplecotron. | 
= absorptance fer Solar enerqu 
Gk emiblance tor long wave radiation at mper- 
atures ty pteal, flat plate solar collectors — 
Surface 7 ot fe 
"Nekel black” oxules and sulfides  -41-.94 a 
of Ne and En on polished. Ne” | 


Me nt ‘ ~ AZ. . 
Nickel black on galvanized. Lon a H84 oeely 
C0 on Anodized ae aS ag 
CuO om Ne ‘ elechodepostton of Cw 8] JF 


ond. Subsequent oxrcation* 


Cen on Al , Sprau dilute Cur CAD, ) > AES | fl 
scution on hot Al plate and. bake” | 


i E bancl C8 Cae Jo ot 


Pbs crystals on ne : 84 pee 25 
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AL, 0, - Mo AL, 0, ~ Mo - AL, O,~Mo-Al, ©, Per t085 
uttérforence layers on Mo (€ measured. 
at 500° Ne 


Need black” , tuso layers clechoplae 2140) Aor 
on mud eae ne | 


* udicatés commercial processes 
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Np Sogay ¢ Solar Crergy,* Solon Cnerau, , I :3 (1959); 
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Control of Sale Cheray 2 Repat No. GO- 93, Department a} or 
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energy storage 


One of the major objections to solar Eneeey. is its inreray cent 
Thortee for energy from the sun to be peenet cake aval lapis: some 
method of storing the energy produced while the sun shines or while 
the wind Blows must be devised. This can be done in several ways—— 
which way will depend on the sort of solar energy abe see use and 
in what form the energy is ultimately eta 

Let's consider systems for electricity production fivsti@eUeime ( 

the Meinels' Mra, heat is stored in a molten salt or liquid metal 
and contained in 1 abe insulated tanks for use at night or during 
cloudy spells. Depending upon the ees of ees large quantities 
of thermal energy at high temperatures could be accumulated. hens 
when the sun disappears, the heat in the molten salt or liquid 

metal reservoir is used to produce steam for the utes This 

sort of energy ak A could be used equally well with any of the 
other methods for thermal power generation that I've peeves 
Serene in fae. it has advantages over using water as the heat 
enero Arc tttnhade would be no problems associated with high 


pressures inherent to high temperature and high pressure steam. 


The technology of using liquid sodium as a heat transfer fluid is ( 
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already being developed for use in nuclear reactors. There is 
no reason why it can't be used equally as well in a solar energy 
power Jearione 

An Bre atiTe to storing thermal energy is storing the — 
er It could be stored directly in ee helteriasrieed 
to pump water into a reservoir and later the stored water used for 
hydro-electric er ene the Siler eity: could electrolyze 
water into hydrogen and ceveen the hydrogen later being used like 
natural gas or both the hydrogen and oxygen used in a fuel caiy. 
The first alternative is probably limited to small-scale electric 
production such as storing the energy output of a small windmill 
‘or a small array of solar cerrey The price of lead-acid batteries 
designed for use with a 2000-watt Joe pene, mune ig $475.?> These 
batteries can typically withstand some 2000. complete: cycles’ of 
charging and re-charging and at full charge hold 130 amp—hr or 
14.95 kwhr at 115 volts. Let's see what the maximum cost of storage © 


is based on 2000 cycles of charging and Ran aha’: T£ the 


vOrrortunarate I wasn't able to come up with a cost estimate 
for storing energy this way. 


Ppyie quoted from Electric Power from the Wind by Henry 
Clews, p: 18. 


The cost of lead-acid batteries remains fairly constant for 
any size installation. .Thus, little; if any, savings ..are, realized 
for larger installations. See Direct Use of the Sun's Energy by 
Fit Daniels3;*p.> 241. 
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batteries last 15-20 years, as their manuescunres claims, and 
the cost of them is amortized at 10% interest over 10 years, this 
leads to a storage cost of more than 3¢ De kwhr. For a relatively 
small windmill, the size a homeowner might wee. cperhave the Cosas 
not too oppressive since his electricity from a Dorer icone recess 
about 4¢ per kwhr. Also, if these batteries were to be produced ‘ep 
large quantities, their cost would drop. | 
The second alternative is already used by power companies to 
store energy for use during periods of peak demand. ayes 


electricity produced in slack periods is used to pump water into a 


reservoir, then at times when demand exceeds the capacity of the 
combave™s other , ast Pe plants, energy production te supplemented 
by hydro-electric generation with the stored peoef re This whole 
system is rather inefficient in terms of the energy expended to 
aclige electricity to the skein. but its costs are not exoeh 1 ane 
The generating plant should also be located near a place where there 
is enough water for Rissa tis 

Lastly, water can be electrolyzed to hydrogen and oxygen and 
the two gases employed at a fuel eis or hydrogen can be used 


ee 


by itself much like natural gas. Hydrogen-oxygen fuel cells have © 


tea NAT te more energy could be stored since the batteries wea't 
be completely discharged every time they are used. So the cost per 
kwhr ought to be less but since the amount of energy withdrawn is 
difficult to estimate, we'll use 2000 cycles for ease of argument. 
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use to store heat at low temperatures. In addition, the heat of 
Piet Hiee some chemicals has been exploited for heat storage. Each 
of these methods has advantages relative to the others. Rocks are © 
inexpensive but rather bulky. With a heat capacity of Gea hole / ne 
atone 11 E would take about 35 | of rock to hold enough heat to 
maintain an Sere size house’ at-21°C (70°F) for one day when the 
outside temperature is -18°C (O°F). That is over 150 feo of floor 
space. _ On their plus side, rock storage beds do have good heat 
‘transfer between rock and ees but again on the eae Se ee 
cannot be added to the storage bed and taken out at the same time. 

Using water storage on the other hand allows heat to be added 
to storage and removed Den ree elite It is still a cheap storage © 
' medium and has a high heat capacity (4.19 k1/ke°C). Sonto caere one 
day's heat for the same house and conditions as aed we need 
5.8 4 we water at 70°C, a much {te aa More will be said 
about this sort of heat storage tarts 

Lastly, chemicals are used for heat ae All solids absorb 
some specific quantity of heat without a corresponding rise in 
temperature when they are ees and conversely the liquid, when 


it solidifies; gives up an equivalent amount of heat. This heat 


Here as throughout the paper I take an average size house 
to mean a heat load of 1200 kl/hr-C° or 15,178 BTU/DD. 
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relatively high efficiencies (about 60%), but at present their cost 
is too high to be competitive with other means of storage or 
generating electricity. Using hydrogen directly for POE fa 
generating electricity or even in internal combustion engines - 
could prove to be a viable way of energy storage depending on the — 
cost ae producing it.> The modifications Race caer convert a 
natural gas system to hydrogen are simple and inexpensive. Another 
advantage is that combustion of hydrogen is almost non-polluting, 
yielding lots of water and nitrous oxides in low cousentrattipnaen 
The one disadvantage to hydrogen as a fuel is its bulk. Per unit 
volume hydrogen contains much less ag te er natural 
gas Czto Rng. But hydrogen cowkd be liquified for use in cars 
thus increasing the energy potential per unit volume. There are 
problems in keeping hydrogen liquid since it has such a Low-boiling 
point, but they are not insurmountable, only expensive at present. 
It would be Aheaihen convert a hydrocarbon fuel economy to hydrogea 
fuel without tremendous problems. 

Energy storage for solar systems producing low grade is less 
of a problem. As you will see in the chapter on solar space heating, 
the heat capacity of rock and of water B, octoinky ee Bate been put to good 


Penn "The Cleaning of America” by Larence Williams in the 


February, 1972, Astronautics and Aeronautics. 


6 : : : / 
At the optimum air—hydrogen mixture. about one part nitrogen 
compound to 1014 parts air. See Williams, p..4o- 
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is usually A to as the latent heat of fusion. If we could Find 
some material that melts at a temperature within the range of our 
collector, the heat from the collector could be used to melt the © 
material. Then when we need heat and the collector can't supply it, 
we simply: let the liquid solidify and use the heat that eto ueaes 
ofusolidi fication) liberates. There are several such ae | 
materials, a few of which are listed in table l. | 

Maria Telkes has long advocated the use af such a method of 
heat storage because its nie ence capacity 5) eles OA a of 
container and space. In the University of Delaware's Solar House 
Rater latent heat storage is aon ‘Previously there have been 
problems with crystallization of the material after many cycles of 
Hinge Seneena solidification, but Telkes claims that the problems 
have been solved in the latest edition of the solar Hind ae Nh ay 
the relative cheapness of ciaipette salt would permis heat to be © 
stored in the relatively small Eanes Using the above example and 
disregarding any heat stored in the liquid itcdlé, we find that. 
15.4 ae a Glauber's salt could store the ayes oe Using the 


C1,—MgCl —H,0 compound, the space required is even less-—~—only 


2 
4.4 ES 
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Table L 

Materval Melting Point Latent Heat 
No. Sd,* 10H, 0 cy hesk 44.9 
Bialb a MoM ponn mio,» ics i75 ae 
41 [oe ee ADOtheE 
Urea NH, No, Re ane «WR 
415.3 54.F | 
Ma (NO,\,°GH,O-AL(NO,)-FHLo Gl “1g 
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es rustbers below the matercals indicae the 
percentage ct the coynpound by We eight thet tire | 
materul cortans, Agi ter Puls and Beekman mw 
Solar Energy Thermal Processes. 
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heating and cooling with the sun, flat-plate sunlipht collectors, 


and _ associated paraphenalia 


Finally, we've come perdi pita ee of solar energy that has 
in the past been most widely used and with be even more extensively. 
used in the future. In the United States and ooh aby other Ponta ee 
houses have been at least partially heated with an array of flat~ 
plate solar collectors and a heat storage O5.08.,. Seas paradoxically 
enough, some have been cooled using solar Sidi (oP .de Ribas sunny 
climates are put to work for re ae both for home and 
industrial use. The heat produced this way has proved in the past: 
to be more Sete a than conventionally-made heat (or refrigeration) 
especially in industrialized countries. But as Tybout and LOf and 
others aia there is in many climates an optimum combination of 
solar and conventional heat that gives least cost energy even in 
industrialized DoS: dita ttt It seems reasonable to asi that as 
natural pat fuel oil and electricity increase in ide 5 solar Leac ee 


which is always free, will become economically more attractive. 


ae example, see Richard Tybout and-George Lof's "Solar House ~ 
Heating" in the Natural Resources Journal, H. Buchberg and J. R. 
Roulet's "Simulation and Optimization of Solar Collection and Storage 
for House Heating" in Solar Energy, or "Simulation of a Solar Heating 
and Cooling System" by L. W. Butz, W. A. Beckman and J. A. Duffie 


among others. 


a 


A A A NLR I A EE A TE TT A RIS LN TT NT 


PA 


_ efficient collectors have, been built thus: ».first we need a flat | 


De 


Now a short elucidation of flat-plate collectors. Basically 
they are a device for generating low-grade thermal energy, that is, 
heat that's not very hot. The principle it operates on is the same 
as that which causes a car with its windows shut to heat up on a 
sunny day: sun shines through the windows and heats up ae interior, 
but the windows, being relatively Sree to low temperature radiant 
energy, trap some of the stm's energy thereby raising the rite 


temperature. So to get low grade heat from the sun, we need only 





build a device that will do the same thing although we would like it 


to be a more efficient energy producer. In the past these more € 


plate with good heat conduction properties and preferably with the 
sun-facing side darkened. Around the plate we construct an insulated 
Boe and on the side that faced the sun we ae a glass pee Now 
if we make provision Aon a fluid to circulate through the acl we 

can remove the heat that accumulates in it and pipe heat to wherever 
we want to use it. That is essentially all there is to a flat- 
plate peliedear a; Most likely we will want to et anger, the 
collection system with facilities for heat spree ajselective 


surface on the flat plate and perhaps more than one glass pane on 


? nctualiy flat plate collectors don't necessarily need all rea 
accouterments. In suitable climates the insulated box and the glass 
windows could be done away with. But Montana is not such a suitable © 
climate, so we'll discuss only this general type of collector. 
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the collector's sun-facing side. In fact for economic operation of 
a flat plate collection eee one or more of these embellishments 
may be necessary. 

It is important to note that unlike focusing collectors which ~ 
‘are able to use only the direct beam component of Me nereseiae P 
plate collectors can use both the direct beam and diffuse 2 rand Srapety 
So even on completely overcast days it is possible to produce some 
heat by Lani the ete ceee Exactly hort tals ak that could 
be Shenae depends on the degree of Roa eee and ‘ambient 
temperature. ieee flat plate collectors usually are rien in 
orientation—they do not track the sun as focusing collectors ee 
The reason for this is quite simple: tracking apparatus is compli- 
cated and expensive and the quality and Pec ae eoct sain 
from a flat plate collector does not warrant this ee echoes 

So far I've outlined only the very basics of a flat plate 
collection system. There are many variations to Ata For Bee clon 
either water ets could be used as a heat Se aa ae 
chemicals or water could be used for heat storage (see the chapter 
on energy storage) or the geometry of the collecting surface could 


be altered to suit different needs. In figure 1 there are a few of 


the basic configurations illustrated. 
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Figure 1° 
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How have these things been used and how might they be used in 


the future? As aforementioned, it is possible to heat water, air 


and houses and even to cool them using a flat plate collector. The 


z 3 | Ph 
These figures are from Lof and Close, “Solar Water Heaters," 
Low Temperature Engineering Application of Solar Energy. 


1967), p. 63, and Zarem and Erway, Introduction to the Utilization 
of Solar Energy. (New York, 1963), p. 88. 7 
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application I would like most to discuss is house- and hot water- 
heating. Obviously there are places in Montana that need cooling 
during i summer ‘so I'l] talk a Little about that, £86: but later. 
Let's start with some examples. 

George Lof, whose name you see many times in EnweR nits) deeply, 
designed a flat plate collector and KewOung system for his house in 
Mac diS ae | It was designed as an integral part of the Raves: 
The flat plate heaters (see figures 2 and 3) fran air circulating 
through them which in turn warms rock storage beds ‘or heats ‘the 
house ame hee, Caeetaths upon current fitae dénana’ In adr eten, 
the system pre-heats water for domestic use. His house is experi-— 
Met iene: built to {ent the d Ati: Peete house heating really is 
fares, but he also lives in ioe Performance data was first 
_ gathered in the winter of 1959-60. It shows that the solar heating 
system ee dik ater ee to 45% of ih copa teasing load which was 
estimated to be 40,000 BTU per degree nae The remainder of the 
heat was supplied by a natural nate Pig bya The net savings for 
that winter were calculated to be $20.50 and $142.17 over the 


heating costs using only natural gas at 90¢ per 1000 acute: using 


— 


EY 0. G. Lof, M M., El Wakideand J./P. Chiou. "Design and 
Performance of Domestic Heating System Employing Solar Heated Air——- 
The Colorado Solar House," Proceedings of the United Nations Conference 
on New Sources of Energy, Vol. 5 (New York, 1964), p. 192. 
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only fuel oil at $1.50 per 10 HiME copematedathatethe savings 
would be substantially greater if some minor changes were made in 
the heating system design and if the heat eMoplied for hot water 
during summer months was accounted for. But it must be noted that 
the cost of the solar heating system itself oe: considered in 
figuring these Babine: but rather the Esavities represent only the 
difference in cost between using all natural gas or all fuel oil 
instead of a combination pemedaiar and natwealogas heating. A more 
positive aspect of the system: since the house was built, the eee 
air heaters have operated essentially without Pe inrananee.! A few 
minor design flaws required correction, but after they were Se ae 
only periodic washing of the glass panes with a pares hose has been 
TS CVEE 

whe house designed with a solar heating system was the M.1:T) 
solar house ER Lewinecone Macsache eres Trescollector vee an 
integral part of tones tilted at 60° to the horizontal and 
with an area of 640 oe (See figure 4 for detail of the ar ee ee 
The heat from the collector was stored ina water storage tank and 
supplemented by an oil-fired hearer! The house itself was heated 
using an air-water heat exchanger with rarcedaats circulation (see 
figure 5). This solar heating system supplied considerably more of 


haa p- 193. The savings over natural gas heat at current 
Bozeman prices is over $49. 
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the total heat load than Lof's system did—39.8 x 10° BTU; ofssolar 


6 


heat out of a total load of 82.8 x 10 BTU (48% solar heat) during 


the winter of 1959-60. In the six winter months of 1960-61 A 
supplied 47.4 x 10° BTU out of 83.7 x 10° BTU total (56.6% solar 
heat). More heat could have been ABE res the sun if the system 
had been larger--in fact 75% of the heat load or 62.8 x 10° BTU 
if the collector and storage tank had been 1.4 times larger in the 
winter of 1959-60 or 1.22 times larger in the 1960-61 heating season. 
| No cost estimates were made for the heat produted by this instalila— 
tion. 
In Washington, hap pee es Thomasen has built two solar-heated 
houses that are unconventional by solar heating yee ore nee pe 
He simply constructed part of a south facing roof of blackened 
corrugated sheet metal. Water is scat crs the peat of the roof and 
allowed to slowly ea clears down the incline on days with Brees, 
sunlight. The heated water is then Eeoxedgin a water tank imbedded 
in a rock bed (see figure 6). The collector is 840 ae for the 


first house he built and 560 Fes for the second, and the costs for 


Ibid., p. 187. 


7 ; aa : 
A. M. Zarem and Duane Erway, Introduction to the Utilization of 


Solar Enerey’ (New York, 1963), -p.,272. 


Ba D. Engebretson. “The Use of Solar Energy for Space Heating—— 


M.I.T. Solar House IV," Proceedings of the United Nations Conference © 
on New Sources of Energy, Vol. 5, (New York, 1964), pp. 159-172. 
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the entire systems were $2500 and $1900, respectively. The principal 
advantage to this type of collector is its reduced cost—$1.00-$1. 25 
per Re ten ete to the usual cost of $2.50-84.50 per aie oes the 
usual sort in an insulated dele kit of course, the system is less 
efficient in terms of the actual amount of heat collected measured 
against the amount possible to collect. The houses weren't provided 
with any instrumentation for measuring the heat output of the system 
or for measuring any of the other variables necessary to accurately 
gage the performance of it. Ntertnetees” Thomasen estimates its 
EEricieney to be from 30% to 75% depending upon the temperature ~ 


12 


rise in the circulated water. (The higher efficiency corresponds 


to less of a temperature rise in ate heat collecting H,0 than the — 
lower figure.) One indication of the success his design enjoyed is 
given by the cost of fuel for ete liney Heering mae 65 (31 gallons 
of fuel oil) and $6.30 (42 gallons) for the winters of 1959-60 and 


3 


1960-61. 7 Thomasen evidently has plenty of confidence in his. 


apiate! $2796. 
10 
Zarem and Erway, p. 269. 


tearry E. Thomasen. "Solar Space Heating, Water Heating, Cooling 
in the Thomasen Home," Proceedings of the United Nations Conference 


on New Sources of Energy (New York, 1964), p. 224. His first heating 
system has been in operation for over 14 years. : 
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designs. He markets plans for similar solar-heated houses and has 


designed several other houses employing solar heating systems. 





These three accounts far from deplete the number of houses and 
buildings using some sort of flat plate collector for space heating 
and cooling or for hot water heating. There are several more in the 


United States and the number is growing. There are quite a few 


projects under way to use solar heat for non-residential purposes. 


eat i ar ame aah a Mite aA A a a 


The Langley Research Center in Hampton, Virginia, will use 15,000 te 
of flat plate collectors to provide heat and hot water, and the © 


Audubon Society plans to use solar heat in one of its buildings in 


We 
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Massachusetts. An entire community is being planned in California 


binary 


that will use solar heat. The company planning this community uses 


ST 


arrays of flat plate collectors for space and water heating, 


envisioning savings as high as 95% over conventional heat. 


i 


In the solar heating systems discussed you note that the building: 
have all been designed with the collector system as an integral : 


n 


part. Thus the architectural and aesthetic problems associated with 
deploying large arrays of flat plate collectors can be designed out 


of the building. , However, it is possible to add collectors after 
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construction. As I showed previously even the roof of a hoyse in 
: 


Montana receives enough sunlight to heat the interior, provided that 


the collection system is sufficiently efficient. But for those of @ 
£ 
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you who may perhaps be dreaming of doing hie ie is necessary to 
add that the modifications needed in the present heating system and 
the building's structure may not be worth the err ret This remains 
a problem for the individual dreamer. 

A couple more dee somewhat eccentric to the usual method 
of extracting heat from Be licht : but effective hag ae Gl Steve. 
Baer of Zomeworks rae eee Albuquerque recycles 55 gallon oil 
drums by stacking them Meriacatally next to 4 glass wall with a 
southern exposure and filling them with water. The glass wall 
has a removable Enter insulated wall that is lowered during sunny 
weather so that the blackened ends of the barrels get the full 
benefit of the sun. Coneeauceuls. the water they contain is warmed. 
Then at night the insulated outer wall is raised into position 
against the glass wall and the accumulated heat that the water holds 
re-radiates into the eee During warm weather the system operates 
in ey Oy At night the outer wall is lowered and eek ee lose 
heat to the cooler night sky by Moat seat During the day the cooler 
water in the barrels absorbs heat from the house for radiation to 


the night sky py iene cooling the house as a result. 


nee Steve Baer, "Practical Solar Power: Steve. Baer's Done'er 
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"The Drum Wall," Proceedings of the Solar Heating and Cooling for 


Buildings Workshop, pp. 186-187. 
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Another idea that several people have proposed is the use of 
ponds on a halidine roof to collect and disperse nest ve Res 
water-proof roof is flooded with water ox, using Ray Bliss! Gea; 
large black mise bags filled with water are laid on the roof. 
Moveable, insulated panels are placed over the pond (or bags) abe® 
night to prevent radiative or convective heat hase and during 
‘sufficiently sunny weather the panels are Pena vedeeeNt nat the pond 
(or bags) are warmed by the shan Csivertatys the panels are left 
in place during the daytime in summer and removed at night to cool | 
the house. Such a_ house has aieheae been constructed in Penix, ( 

Arizona. Without any auxiliary mechanical heating or cooling and 
in temperatures ranging from subfreezing to 115°F, an interior 


nH 
temperature of from 68°F to 82°F was maintained. 


aSee for example H. R. Hay and J. I. Yellot, "A Naturally 


Air-Conditioned Building," Mechanical Engineering (January, 1970). 
ea R. Hay and J. I. Yellot, "A Naturally Air-Conditioned 
Building," Mechanical Engineering (January, 1970), p. 25. A post-— 
script on Thomasen's houge: His design of collector can also be — 
used for cooling. During the cooling season, water is pumped to 
the collectors at night where it loses heat to the night sky just 
as in the last two designs we discussed. During the day the air-— 
circulating system is operated to distribute the accumulated cool. 
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cannot happen simultaneously with the simple equipment employed. 
So a container of regenerated absorbent-refrigerant is put in the © 


place to be cooled, cooling occurs, then the container is removed 


and the refrigerant distilled from the absorbent again, etc.!? 


Because of its low cost, simplicity J aepietiten and inet scence 
this type of cooling is more likely to be used in tural or less 
industrialized regions. 

What sort of solar heating-cooling system is likely to be used 
in Montana? In figure 8 a schematic of a likely system is ieee 
trated. Notice Phar hath Heat iee andjcooling are ineluded. It 


@ 


may have occured to you that the cost of energy from such a systei. 
will be less than for a system designed either for heating or for 
cooling. This is in fact true. Energy costs of less than $2.00 per 
6 orte ieee: t one 
10 BTU can be realized using a combined system depending on 

: 7 bangs ee Role = on, CRE 
location, collector area, storage capacity, etc. But the systems - 


don't necessarily have to be used together. 


£9 | 
See R. K. Swartmann et al and others for a more complete 


discussion. 

Pati R. Cherry and F. H. Morse, "Conclusions and Recommendations 
of the Solar Energy Panel," ASME Paper No. 72-\A/SOL-5 (November, 
L972) nas. Oe 
ene W. ‘Butz, W.. As Beclmang and J, A. Deptie. © Simulation of 
a Solar-Heating and Cooling System," (University of Wisconsin, 
Madison, Wisconsin). Compare this with natural gas at $2.97 per -@ 
1000 ft3 or about $2.97 per 10® BYU. 
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SCHEMATIC DIAGRAM OF ONE ALTERNATIVE. 
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NOTES: ENOS OF TUBES MANIFOLDED TOGETHER 
ONE TO THREE CLASS COVERS GEPENDING 
ON CONDITIONS 

OIMENSIONS: THICKNESS (A DIRECTION) 3 INCHES TO 6 INCHES 

LENGTH (8 DIRECTION) 4 FEET TO 20 FEET 
VADTH (C DIRECTION) 10 FEET TO 50 FEET 
SLOPE DEPENDENT ON LOCATION AND ON 
VANTER-SUMMER LOAD COMPARISON 
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indirect use or control of solar energy 





One aspect of utilizing or controlling solar energy that present]; 
seems to be largely ignored in favor of mechanical teases and air 
conditioning is micro-climate hate through diane of EERE EM oie 
trees and shrubbery and through the design of the house Tree 
Architects, contractors and sub-developers rarely on sarah idly 


themselves with these natural methods of temperature control. Vee. 


it is a relatively simple thing to do if the usual house design is @ 


' modified or if attention is given to landscaping. Let's see what 


can be done to improve the situation. 

Payee what can be done to modify transform the usual cracker 
box with roof design into a more efficient house to heat and Pons 
Imagine two houses, one of the usual design and the other in the 
shape of a Rend oon Kirt oats, let si sayutnae, pot Here equal 
floor areas (since this is the way building space is usually 
specified) and also that both have equal insulation values and 
window areas. Now since the rate at which these yee kept at 
constant We ire Wy lose or gain heat depends solely on the scanners 
to BuYLace Tatios) al) einer race: being eee ek Lee's calculate 


the volume to surface. ratio, fot.each ‘to see which is more favorable 





. ies! 
The volume and surface of a hemisphere of radius R is 2/3 TR and 3 


ihe 


amr’, respectively. Its floor area is mm. Specifying the floor 
area of the Portis house in terms of the hemisphere's radius and 
assuming the box to have its length equal to its eidchks we have ~ 
for the floor Roden’ eearn and its length /7 R and width Jit R. 

Let it be 8 feet neh Then its volume is err? te its surface ~ 
exposed to the air is 32/7 R + TR = 54R. Pret eTume eco sere ace 
ratio (V:S) for the hemisphere is aed wwee for the’ box 1€.45 
about R/2. Recalling that the rate of heat loss or gain is a 
function only of V:S, all Whe factors being hal ; and Leh PoE 
that for a given volume of a constant temperature Boas. the larger 
its surface, the faster its rate of heat loss or (pea then we © 

see that the box-like structure must gain and lose heat more quickly. 
So the ordinary house design is certainly not the most efficient 

in terms of temperature control and energy Beton: A geodesic 
dome is more efficient assuming that heat is distributed evenly 
throughout it. Actually, heat will not distribute evenly Sinee heat. 
will rise to its top unless there is sheet eens circulation to 


prevent a temperature gradient between the top and bottom of the © 


etal is very few people build houses with this shape, but 
since this represents the maximum volume—to-—surface ratio for this 
general geometry, we'll use it anyway. For a more realistic design, 
the ratio would be even more unfavorable. 


TG 


dome. Even so, the design is worth considering given its superior 
ideal efficiency. 


There are lots of ways to use naturally occuring convection 





currents to ventilate a house without resorting to mechanical neniee 
A few of them are discussed and illustrated in‘ The Omér-Bui it 
pone The savings in heating-cooling costs that could be realized 
by designing these relatively Stand things into a house is difficult 
to calculate (so I won't even try)—better would be Povacuukids 
measure these designs against the usual atts One case in Whi. 
however: Wendell Thomas built a home so that air can circulate as 

in figure 2, and partially buried it in che rene cstad ae 


temperature was from 60°F to 75°F the year round! Of course, 





western North Carolina, where he built his house, is not Montana, 


pate 


but the same principles will work in Montana to reduce heating and 
cooling costs. 
Another simple but effective way to control heat gains is by 


planting deciduous trees that shade a house during the summer, but 
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in the winter when the sun can help heat the house, the sun can shine 


oH Aye 





were 


ad 





ot 


pads Kern, The Owner—Built Home (Homestead Press, Aubrey, 
Caia tornia, tho 72)euipps 





saviacsters Pa Wendell, "The Self—Heating,--Self-Cooling House," 
The Mother Earth News, 2%, (Culver (9/71). pee 7c. 
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through the lye ee anoles: Using hedges and shrubbery can also help 
to reduce heating loadings in the winter and to cool the house in 
summer. Simply plant evergreen shrubs that block prevailing winter 
winds from the house but funnel summer winds around it (see figure 1). 
The cooling effects of wind are utilized in summer but averted during 
winter. 

To control heat gains through a south-facing Patiotettte use of 
awnings on large overhanging eaves is simple and effective (see © 
figure 3). During the summer when heat gains are undesirable most 
of the time, the sun is blocked by the eaves or awning Ben cntarine 
a nwaw, Bit in eee when the sun is lower in the sky and the © 
heat it can contribute is woe the sun shines through acne 
To control heat losses érouhidmoyes the total area of windows in 
the house could be reduced or curtains can be hung cnt oat of them 
to reduce radiative losses to the cold outdoor aie TRE casi ly 
removable sheets of insulation could be placedhag nine a window to 
prevent heat iis au oor In facies this can be quite an aid to 
conserve energy since single glass radiates heat at a rate of about 


9 tor /m2°C (1.13 BTU/hr eft? 


°F) and storm windows with 1 to 4.inches 

Sey: 
of space between them at a rate of 1 Pela Coos ougnr £b F).? 
Heat gain during summer could be reduced by using these same 


insulation panels or by using curtains and drapes with a reflective 


backing. 


$0 
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Now as one last: exercise in reducing heat losses and gains in 
buildings, I'd like to show the relative gorduede insulation for 
various fuel and insulation costs. Since heating seems to be more ~ 
important in Montana than cooling, I'11 only én star theres tects of 
insulation for heating. Imagine two houses identical cee 
respect except one is insulated better than the othe The better 
insulated house has an overall insulation value of R-19 (.052 BrU/ 
hr £7 °R) and the other a-value of R-11 (.091 BTU/hr ft oR) 4 Lf 
the area of the house exposed to the outside is A and the average 
annual number of degree days for a We autor in Montana is 8000,> | ( 
then the first house loses 9984 A BIU and the more poorly insulated 
Loses wkd hi 2A, BV nd ied iss 2400 feet? (a small house, say 10'x20'x 
50'), then the more poorly insulated house loses 1.773 x 16! BIU more 
heat than the first. Assuming a furnace nif da usa oy of 75% and using 
natural gas at ee prices, then over $20 in heating costs could 
be saved in one year by better insulation! That amounts 1% a cost 


savings of about 1¢/£t7 of surface area. R-11 insulation is about 


. “Insulation Manual: Homes, Apartments by NAHB Research 
Foundation, Inc. (Rockville, Maryland, 1971), p. 22. 


This is in fact about the normal number of annual degree days 
of heating for Bozeman. See reference 4 in the bibliography on 
energy conservation in houses. 


Tejees and R-19 insulation is 20¢/£t*, a cost differential of 
9e/ft- (Bozeman prices). Thus, he pee house to R-19 instead 
of R-11 could pay for itself in/o years and then begin saving money 
in heating sabeneeen® 

Lastly, let's consider personal savings resulting from using 
a clothesline instead of a gas or electric dryer. If you do clothes 
in a laundromat, say once every other week, and Fhe dryer eats 30¢ 
(a fairly conservative figure) in dimes to dry your clothes, then 
in one year you-can save yourself $7.80. Actually, this should 
probably be closer to $10 or more for a family wash. A clothesline 
could pay for itself in short order and at the same time help to 
conserve energy. The aesthetic difference between Petes 
clothes and machine-dried clothes may be worth the cost of a 
clothesline itself! 

This far from exhausts the ways that the sun and wind can be 
indirectly controlled, particularly by wise architectural planning. 
For more ideas see reference 4. At least I hope that ityis,evident 
that there are many simple and ingenious ways to naturally reduce 


the mechanical heating and cooling load on a house. 


due calculation should not be taken too literally as the 
effect of doors and windows was not considered. The. individual 
house should be considered to get an accurate figure, but the. 
calculation does establish the ultimate cost savings possible. 
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Most ete to be of the opinion that thiswiha LS Sout of 
a mid one tolerable only if it's light and you enjoy flying kites 
or sailing. Actually, these were two of the first ways the wind 
was put to use. Later came windmills of miscellaneous Ae tana 
shapes, used for things as diverse as pumping water and grinding 
grain. Most people aren't familiar with wind-powered grist mills 
in this part of the country, but everyone has seen the Pe oe ae 
windmill still in use for pumping water. Probably quite a few ] 
have also seen, at one time or a ate ae the three-bladed’ Jacobs 
wind charger that was widely marketed for the purpose of producing 
a modicum of electricity, especially in as that were remote © 
from REA lines. The Jacobs machine was one of the most reliable 
and eel le one ae wind generators ever sold. Its craftsmanship 
was peerless—-many of them are still around and in serviceable 
condition 17 years after their production was cave They 
develo on the Sit a 400 to 500 kwhr of electricity per month — 
with a 15 foot “diameter propeller and 10 to 20 mph anges 

Winds, as most everyone learns in a basic science 5c are 
created by the sun's uneven heating of the earth (nnd ere fone 


are a kind of solar energy) and their direction governed by the 


3D 


earth's rotation and local weather conditions. In this chapter I'd 
like to.show that harnessing the wind is still a very practical 
idea. The energy that can be extracted Brom 2c 1S hot only very 
reliable ahd predictable as we'll later see, but inexpensive, or 
at least it will be, and ecologically harmless. As I've mentioned 
before, the winds have 100 times more energy than the world presently 
consumes in a year. But a Bees conducted in Oklahoma shows that 
it is even a more dilute form of energy than sunmaenr*tio9 249 
watts are So the problem of getting energy in sizeable amounts 
from the wind appears at first glance to be even more reba Cakes 
than getting it from the sun. Shama cntubaliesaed for crtatting 
it aren't heat engines or solar collectors, Heya ees so their 
ete cleneie one be limited by the laws of thermodynamics. Con- 
verting mechanical energy to electrical can be done quite efficiently— 
a 907 conversion efficiency is not hard to come Bye In the case of 
windmills, efficiencies of 50%-80Z% are not difficult. 

Wind generators, such as the Jacobs machine, are still on 


the market, ranging in size from 50 watts to 250 kilowatts output. 


aMareet ite L. Jacobs, "Experience with Jacobs Wind—Driven 
Electric Generating Plant, 1931-1957,"' Proceedings of the United 
Nations Conference on New Sources of Energy, Vol. 7 (New York, 1964), 
Pp738 7, ; 








7 obands M. Summer, “The Conversion of Energy," Energy and Power. 
(SanePrancisece., 1971). p. 103. 
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They all have one thing in an et ee they produce is 
relatively Berean riie by U.S. epeidariensl Take for example a 2000- 
watt unit made by ea of Australia. Its undelivered cost, if 
bought. from the, U.S..retailer.yjis $2,790." At 102 interest and a | 
5 year amortization period and somewhat pessimistically assuming 
only a 20 year life span Ale an average windspeed of 10 mph which 
een aon about 120 kwhr per month RULoMeee the electricity 
costs its owner about 13¢ per kwhr. Even by paying cash, a kwhr _ 
is still 9.7¢. If electricity is needed in a foneee place with 
enough wind, the energy may be well worth Thegee ste In fact some 
Swiss hotels use wind-generated electricity. It should be noted 
that cost per eet Gee down as the size of the unit goes ap? at 
least if an optimum size isn't exbeadatts | 

Examples of large and small, commercial or domestic wind 
generators are rife. Let me talk about just a few. The occ 
wind generator built to date was the Smith~Putnam installation on 


Grandpa's Knob near Rutland, Vermont. Its construction began early 


she ; : ‘ 
"Windmills. for pumping water are still the cheapest way to get 
water however. But because their use isn't of extensive interest, 
I won't say anymore about them. 


Stes Clews. Electric Power from the Wind. (East Holden, 
Maine, 1973), p. 18. The 2000-watt unit includes storage batteries, 
tower and DC to AC inverter. The propeller diameter is 12 feet. 
Some hove been ur wse Ur Australia ter aver 50 ears. 
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in ear Fe the blades turned in August of that year for the first 
time. The two blades were 175 feet in diameter and turned at a 
constant speed of 28.7 rpms the hub was 120 feet above the summit 

of the hill. he nat was rated at 1250 kilowatts (1.25 megawatts) 
in a 30 mph wind and withstood gusts of wind up to 115 mph. It 
operated until 1945 when one of its blades failed due toa structural 
flaw. During this time it produced electricity in 1100 hours of 
actual operation that was fed directly into the distribution system 
of the Central Vermont Service Corporation. The costs of this 
elettricity, aren't ce to estimate. The unit was only experimental, 
hence the actual amount of money spent on it is meaningless. How- 
ever, Palmer Putnam estimated that a similar wind cere optimized 
in size, could generate electricity fare per kwhr (1945 costs) if 
at least 100 units were Bogle Now there are better, more efficient 
designs for rotor blades so that structural difficulties should 

not be a problem, and also there is better iy isatie ds equipment 
which would allow the machine to operate at a higher overall 


efficiency. 


Pe ler Putnam. Power from the Wind. (New York, 1948), p. 154. 
This is a good book to look at if you want to know more about the 
Smith—Putnam generator. 
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Joseph Tompkin recently baat Ff that by using a ee of 
20 cyclone D-30 wind generators previously manufactured in Germany 
which were interconnected and located at Cascade Docks. Oregon, 
electricity could be made forg8¢ per kwhr (1951 dollars). The 
salient feature of this estimate is the intercomection Ofsall 
generators. <A unit by itself ould produce energy Lacintira ae, 
kwhr. Now a few particulars about the Cyclone D-30: $t2.5 2 
three-bladed machine with a turbine diameter of 30 meters spat 
ata height of 50 meters. It maintains a constant blade tip velocity 
to wind speed ratio. It generates 720 kw ina 16m Saas wend or 
an average annual output of 2.125 x 10° kwhr in a 3.58 m cra? ae 

In Europe many wind generators have been built through rhe 
years, several of them commercial ventures. During World War II 
when fuel was difficult to get for the local generating plant on ee 
island of Bogo, a wind power generator was built to produce DC ae 
In 1952 it was renovated with a 45 kw AC generator and a three-bladed 
a hat irs meter diameter turbine. From then until 1961 it was in con- 
tinuous operation went a minimum of maintenance onan The Danes 


also constructed another mill also with three blades, but larger-- 


ete 


a ant Tompkin. "Introduction to Voight's Wind Power Plant," 
Wind Energy Conversion Systems: Workshop Proceedings. (Washington, 
DaCeg 1973), Pe 248 
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24 meters in diameter. Its designed generating capacity is 200 kw 
aie Mee se wind. It was put into continual operation from 1958 
to 1961 without any major eines 

There are many more eee generators turning ome electricity, 
particularly Pairs where electricity is He. so plentiful as here. 
To mention a few more: a 30 m, 100 kw DC wind turbine at Yalta 
(1931); a 20 kw generator near Beeliy (1943): a¢2lemsii-30 kw 
installation for Electricité de France; a 24 m, 100 lw Enfield—Andreau 
wind-driven generator at cu ieee (1953).> -ark5 av 100 kw John Brown 
wind turbine at Oraiey. Ree Ere Bae a 100 kw U. Hutter-— 
Allgaier design in West Germany. I hope that by now it's obvious 
that wind power is technologically quite feasible. The only major 
difficulties in utilizing this technology are locating. a suitable 


site and designing a mill for economic operation. 





Finding a good location for a wind generator requires precise 
knowledge of the local wind regime. By local I mean not a general 
area, but the specific site at which the windmill is to be Bates 
This entails measurement of the wind velocities on site-——a task that 


has.been done in only a very few instances. Wind velocities can 


J. Juul. "Design of Wind Power Plants in Denmark," .Proceedings 
of the United Nations Conference on New Sources of Energy, Vol. 7. 


(New York, 1964), p. 229-240. The last two windmills may still be 
in operation—the paper only reported on them until 1961. 
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vary over a wide range within a very short distance, so it is necessay, 
to collect data in SS places near the likely spot to determine 
the best location for the generator. Crests of hills faced with open 
country in the direction of the prevailing a Parits seem to be most 
often amenable to wind power (Grandpa's Knob is such a site). Like- 
wise, coastal regions are fete But, as any flatlander-can tell 
you, winds blow long enough and hard enough over the open country of 
the Great Plains so that to all appearances windmills could be built 


practically all across then. 


Wind speed also varies with altitude. Near the ground, frictir 


y } 
yn ® , \ en Renee ame en ge mee |! 1 eR, 


retards the wind so that its speed is less than what it is at a 
height of 50 meters. (Next time you're walking on a windy aay: try 
laying on the ground to see how much slower the wind is at ground 
level.) This"varivation with altitude is ‘4 fairly obvious fact; but - 
for-allHts “conspicuousness, no ibs yet understands sya how 


wind speed varies with altitude. Several specialists have attempted 


terpenes > 
Se eiaainies mer 


to empirically derive methods of predicting this variation-——none 


So 


have been completely successful. With the wind as with the sun, the 


most reliable procedure is measurement. 


For more information on how the wind speed varies with altitude 
and with the type of terrain and also on site selection, see Putnam’ 
Power yreue the wang: and Beers of. the articles in » Epoceed nes of th® 
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Assuming or this sort of data is available, how can we felt 
how much power is in a wind? The power depends on ato Sake the 
area of the wind generator thatiis eengeed to the wind, the windspeed 
and, of course, the overall efficiency of the sey eE DESC TE OT Th 
table 1 I've compiled the amount of power contained in the wind for 
various wind speeds. (If you care to do it, look at eppend ito 
see how power is calculated.) There is a theorem, first derived by 
Betz, that says eee power derivable from any wind nay 


machine is 16/27 or 59.3% of the total power it contains. Thus, 


to calculate the amount of power that a specific machine can generate, 


we must find the total power the wind: contains and multiply this by 
59.3% times the overall efficiency of our sie peavey 2 For a 
100 in moraine (lotteafondine to about a 5.6 m blade diameter) and 
a mechanical efficiency of 70%, we could eat 2597.37 watts of power 
20h ag oe sec wind or 166.04 watts in a 2 msec Weser a. So we 
see eee nen ee is proportional to the wind ee cubed and the 
area of the rotor. Table 2 shows the Basten power a wind Paerinee 
with a mechanical Bene cacy Os 70%, Rota get for various turbine 
sizes. Figure 1 shows the power that enereeeee operating at a 100% 
efficiency and a 70% efficiency Bu dtuedt 

In addition to the usual bladed PT ee, there are a couple of 
other novel ways of harnessing the wind that ought to be La ee 


The Savonius rotor, illustrated in figure 2, is a particularly 
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Table 1 
Wind Speed | Power 

msec. ' mph watts ae 
And we 50 
2 | Leys) 4.00 
5 | di.2 62.50 
ac | ay | 256.00 
10 2204 500.00 
12 26.5 ce 864.00 
15 ; B30 | 1,687.50 
20 44.7 * 4,000.00 
25 60.0 7,812.50 
30 Pr Even 13,500.00 
35 (Lee 219437150 


ie : ‘ = ~3 
Power was calculated assuming an air density of 1000 gmm”™ (see 


Pee 


appendix 4)1°> 
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simple device for generating electricity. Its application is not 
limited to electricity production though. It has been used to pump 


water for building ventilators and even to power ships. Its 





| cw ; 
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advantages over a horizontal axis wind generator are that it does 


not need to re-orient itself each time the wind changes direction 


and also its low operational speed makes problems in balancing the 
rotor practically obsolete. Its low speed makes some sort of a 


pulley arrangement necessary if it is to be used for generating 


Pip Nag pA 


electricity, but it has more than enough torque to handle this with 

ease. The S-rotor is very simple to construct-—-most do-it~-yourselfars 

should have no difficulty in constructing one out of old oil drums. e 

Its efficiency is somewhat lower than those attainable with horizontal 

; : Sout 

axis generators, rarely exceeding 50%. 
A second unusual notion for putting the wind to work is that 


being studied by Ralph Powe and Harry Townes at Montana State 


University. They have been conducting a technical feasibility study 


‘4 @ 
es Pe Sh, 


on the possibility of building and successfully using a wind 


generator like that illustrated in figures 3 and 4. The airfoil 





supporting cars run on an oval track oriented so that its longest 


axis is perpendicular to the direction of the prevailing wind.: The — 


le er a ne ee ad 


airfoils push the cars around the track much as the wind pushes a 
sailboat. Each car contains a generator driven by the wheels and 


whose output is fed through the tracks to a central distribution 






See Michael Hackleman. "The Savonius Super Rotor” and "More 
About the S-Rotor" in The Mother Farth News for details of construction. 
Lea : Sate | ; . e 
This is mechanical efficiency meaning that roughly 30% of the 
total power in the wind can be captured by a Savonius rotor. 
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station. The airfoils are continuously adjusted so that they face 
the wind in such a way as to Eero detacse enerey hyd Oe 
Installations of megawatt size are dreamt of, operating with mechanical 
efficiencies of up to 80%. The power that can be gotten from the 
wind with this sort of an installation is a ine contingent upon 
the direction from which the wind hits it, the most favorable 
direction being perpendicular to the long es Henee ein cine a 
place where wind direction remains eSeu Ee alle Peer ane throughout 
the year is Sesiraptase7 An economic Biaiveic of the system is now 
being carried out. An interesting addendum: a system of forts is 
also being used by a German ship building company to power an ocean- 
going freighter, which; it is Sieined’ will be able to cross the 
Atlantic with favorable conditions as aus cely as an engine-powered 
ship and certainly much more inexpensively. 

Now what about the utility of using any wind-harnessing 
apparatus in Montana? To get some idea of its practicality we 


must look at the wind speeds for various locations. As I've indicated 





before, wind-speed data are contingent on the exact location of 
measurements; only a short distance may make a major difference in 


wind speed and duration. But for a rough idea of favorable areas, 


Bey Ralph Powe and Harry Townes. Technical Feasibility Study 
of a Wind Energy Conversion System Based on the Tracked Vehicle— 


Airfoil Concept. Figures 3 and 4 are from pp. 55 and 52 of this 
report. 
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the climatological data published by the U.S. Weather Bureau will 


suffice. In table 3 are mean wind speeds and standard deviations for 


the months of the year at sundry places in Montana.” as Figuren 
is a frequency distribution of wind speeds over 25 years at Creat 
Falls.0) Lastly,s in table im the annual ee wind speeds for 
each of these sundry places and rhe ner contained in the’ wind as 
well as the extract shit power at 100% mechanical efficiency and ys 
70% efficiency. 

Now as a last exercise, let's see what this means in terms of 
total energy for one year. Imagine that we would like to put up 
a small wind generator with a 3 meter diameter propeller and a 70Z 
‘mechanical efficiency. Then in one year oe Great Falls we could 


extract 10562 kwhrs of energy’ 3 for someone who builds his own 


rte averages are over 12 years except for Billings and Great 


Falls where the averages are for 21 years and 30 years respectively. | 


An asterisk by an average indicates that one or more months of data 


were missing. The number below each average is the standard deviation 


which gives a rough idea of the predictability of the wind--the 
smaller the standard deviation relative to the average, the more 
likely the wind speed will be near the average. 

14. 2 4. Te c bs 
The overall mechanical efficiency depends on the size of the 
generator connected to the windmill (if electricity is the energy 
form wanted) and on the friction-losses. The power generated isn't 
necessarily linearly related to windspeed, but most likely will be 
maximum at a given windspeed and less at speeds less or greater.than 
this optimum. All these things must be considered before the energy 
output is blithely predicted. 
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wind generator that is not so efficient, say only 30% efficient, 
and with an area of oem at Great Falls, 5336 kwhrs of energy 


could still be generated. Either way it is a substantial amount. 


104 


¢ 


bio-gas 


Strictly speaking, there seems to be little connection between 
the generation of methane and the accompanying fertilizer production 
by the anaerobic decaeeetee of organic materials and solar eneray, 
but if a broad conception of solar energy is panored: yeep Wy, 
is a form of solar energy even though it's a few times removed from 
direct use of the sun.. Bio-gas and fertilizer production could be 
one of the very practical sources of alternative energy in Montana. € 
Its development could be almost immediate, as we shall aes because 
the technology and skills needed to utilize it are eat requiring 
only someone with enough Snaetod to try it. And as fuel and Paes | 
dizer prices rise in the future, bio-gas plants will become inecreas— 
ingly attractive economically. 

Just what is a bipsere plant? Let mevexplain.. Therevare ti6 
ways that all dead organic matter can decay, either aerobically (ith 
oxygen) or anaerobically (without oxygen). In most peoples’ 
experience, things decay aerobically simply because oxygen is omni- 
present. Anaerobic decomposition typically occurs only under A 
in swamps or marshes for aranede RENE swamp gas and marsh gas). 

The difference between these two types of decomposition is mainly ir ( 


the types of by-products and in the intermediate stages lying 


{o5 


between the inception of decay and its end when only efataeea? by— 
products and humus remain. Aerobic eee dhhbes tiBHe of which a compost 
pile is a example of its control yields such by-products as carbon 
dioxide, nitrogen compounds and some other pas in lesser quantities 
plus lots of heat. Of course, there is pee aot rich Se 
matter to add to the earth in the end. Anaerobic eta?” on the 


other hand, produces methane, CO,, hydrogen sulfide and some other 


2? 
_ gases but not much heat. Both processes destroy bacteria harmful to 
animals so that the humus may be safely used in seri hibeens appli- 
cations. 

The gases from anaerobic decay are useful for energy whereas 
those from aerobic decomposition contain nothing Ppa ean tee Typically 
bio-gas, as I shall now call the gas from anaerobic fie DotipESHER ES: 
consists of about 60Z methane and 30% co. with the remainder divided 
among the trace gases. Also the solid materials are richer in 
nitrogen-containing compounds (ammonium) We those from a compost 
pile which have oxidized nitrogen compounds he I oe) 3 
Thus, if anaerobic decay could be sudeeabneaay controlled like com— 
posting controls aerobic decay, a factatict hance of energy plus anmmonium— 
rich fertilizer would be available. 

But is it possible to economically build a bio-gas plant that 


will do all these things? Certainly the capital investment will 


have to be larger than that involved in a compost pile since it is 
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no easy matter to keep oxygen away from anything (unless it happens 
to be amphibious). Historically it has in fact been done at various 
times and places. During World War II several different types of 
bio-gas plants were developed in Germany for use on farms because © 

of the shortage of conventional fuels for private and Tectia uses, 
They were employed hie successfully by seated with anywhere from 
25-300 cattle, or their manure—-producing eyaealent in eth aeese fBec, 
horses, etc., and produced gas for cooking, - tractor ridi® generating 
electricity and for heating the bio-gas plant itself. Bio-gas plants 
were also used before 1945 (and, in some instances, are still used q 
today) in Algeria, France, Italy and India. 

Well, then, what's happened to bio-gas plants after 1945? Their 
design and development, until recently, seems to have been limited to 
the work of Ram Biv Singh and his colleagues in India and to _ John 
Fry who independently and single-handedly developed a bio-gas plant 
for his 1000-hog farm. | 

In ae: the expense of fuel for any purpose and the difficulty 
in acquiring it even with the necessary money lead the Indian 
government to finance a project with the aim se developing a low-cost 
way of producing bio-gas and fertilizer for individual Paget a eae 
for individual farmers. It has resulted in the design of at least 
seven different kinds of bio-gas plants, each one simple enough for 


nearly anyone to construct and cheap enough so that almost anyone 


[ot 


or any village can do it. Several of these plants have been construc— 
ted in India, and with modification, there is no reason that the same 
designs could not work in Montana. The plants have capacities 


2 : daily. There is 


ranging from gas production of 100 ft £3 2500 ft 
no tsendineay objection for not making them larger however. 
In fact, L. John Fry has built a larger one on a pig farm in 

South Africa, one that produces from an average of 8000 uty ‘6 
a maximum of 12,000 fea ee: Dr0-eas Udlty. sits seg Sai ae with bio- 
gas began when he realized that his time was being consumed oy 
disposing of about two tons of hog manure a day. He at first com- 
posted it, but the sleet was labor consuming. Finally, after some 
initial research and experimenting, he designed Bl atenaat: a bio-gas 
plant. Some of the gas that was produced he used to run converted 
diesel engines which pumped water and generated electricity for 6 
years—continuously! The heat from the engines was $B OT sed 
- + to keep the bio-gas plant at its optimum sap lahieS 

| The bio-gas plant initially cost him $10,000 including his 
diesel power plant. Figuring the thermal value of the bio-gas to 
be 585 BrU/ft> at the altitude of his ef about $7.57 of gas was 
produced daily for a total watiie OPS 16,578 Gn the 6 years™that: he 


operated his farm (1973 dollars). And this is the value of the gas 


alone--it does not include the increased value of the manure as 


Keys 


fertilizer or the labor saved as a result of its fnapadiat yon His 
experiment with bio-gas plants is impressive ae any er at ABs 

Some words on the ae under which anaerobic decomposition 
proceeds are in order. There are four major factors affecting 
anaerobic digestion: Seas temperature, carl cf tte ach alae 
and the percentage of solids. Oxygen if, of course, a major factor 
affecting it, but air must simply be rigorously poaiatied from contact 
with the material to be decomposed. The anaerobic Aa ee oa 
sible for the decomposition of the materials into tie wen are 
killed by exposure to oxygen. Let me discuss each of the eee ¢ 
factors separately. | 

These particular anaerobic bacteria are temperature sensitive. 
They live and reproduce in temperatures ranging from 32°F to 156°R. 
One type thrives from 120°F to 140°F and another different kind lives 
best in a temperature range of from 85°F to 105°F. a reve the 
bacteria living in the lower temperature are hardiest and least 
sensitive to temperature ae pa ee Re vena ten & witl talk, only 
about the bacteria living on the lower temperature alee The speed 


of decomposition and the speed of bio-gas production is sensitive to 


1 
L. John Fry and Richard Merrell. Methane Digesters for Fuel 


Gas and Fertilizer. (Pescadero, California, 1973), pp- 40-44. 
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the temperature at which the methane bacteria Waves the most 
favorable temperature being 95°F. (See figures 1, 2 and 3.) Thus, 
in order to produce gas most quickly and to complete decomposition 
most rapidly, the organic matter ee decomposed ought to be main-— | 
tained at a Renieraice of about 95°F (a range of from 80°F to 100°F 
is actually satisfactory). 

The acidity of the material decomposing is also important. 
During the acid-producing stages of cue Ee. rayne the pH of the > 
' material is about B but when the methane-producing bacteria take 
over, the pH rises to between 7.5 aa 8.5 and stays there ant 
decomposition is complete. At the time when the pH is at this level, 
the mixture of decomposing material is buffered, ond additional 
‘amounts of material ti... be added for decomposition without substan— 
tially affecting the process because the nie eee will maintain or 
adjust its pH so that it remains near the optimum Malhe. So the 
pile of anaerobically decaying material can be supplied with fresh 


stuff, and the gas production can be continuous rather than cyclic. 


There are two kinds of bacteria responsible for the type of 
anaerobic decomposition -in which we're interested. In the initial 
stages of decomposition, the organic materials are broken down into 
volatile acids by acid forming bacteria. These acid bacteria are 
not very sensitive to changes in their environment. But the methane 
bacteria, those which convert the volatile acids into methane gas, 
are very sensitive to environmental changes; hence, when I speak of 
factors affecting rates of decomposition, I mean those things which 
affect these particular bacteria. 
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(If only one batch of material was to be decomposed, then, at the 
optimum temperature, gas production and decomposition would be. 
substantially complete in about 50 days. This time also depends on 
the type of material and Ses pees epee 

The ratio of carbon to nitrogen in the material to be anaero- 
bically decomposed is also very important. The optimum ratio is 
30-35) to 1,’ 'thatiis, "301035 Svades epee for every part nitrogen. 
With too much carbon, the fermentation process exhausts the aiteoeen 
and some carbon remains with the consequence of slowing the entire 
préwess. If the ratio is feo low, then the carbon is eshaueted 
first, fermentation stops and the remaining nitrogen is lost as 
ammonia Pas.) ine wtetnere consequence of a low carbon-nitrogen 
ratio is a reduction of the nitrogen content of the decomposed 
material rendering it less valuable as a fertilizer. 

So the percentages of both carbon and nitrogen in the original 
material must be estimated or measured. Actually tires task ib not 
nearly so difficult as it: sounds. If only manure is to be used for 
the fermentation process, then by simply mixing it with water until 
it has the consistency of 28 oe a satisfactory material is Sone ae 
But if the carbon-nitrogen ratio must be eee aneny references 1 or 
2 give tables by which it can be guessed at for various materials. 
(See table 1.) According to both Mr. Fry and Mr. Sine ieee a 
bit of experience with a bio-gas plant, a mixture of Taterials that 


will produce optimum gas production can be eyeballed. 
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mite ie 
Total N uyegen, | 
Onwre . “fo oF diry weight 
eae Peces te 
Wurine | ia Cs 
Chicken dhe ak 
; Sheep | 3.8 
Pog | aay 
Horse eh 
Cow <.. . | 
Phot Wastes — 
OiPolfa, | ei 


Non-Legume veg kabtes oe 
Oot straur 1. 
WWheok strour Ke p02 
Saurdurst 0.1 
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i N drogen is total Ory Wwerg hb mutirogen ond Corton ts 

Rebus total combon (ding erat ) or (*) mm- -Lamran cortion ure Cordson. 
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That leaves one last important variable to be controlled—-the 
concentration of solids. in the mixture to be decomposed. Ideally 
‘this mixture will have about 9% solid in water solution-—a slurry 
with a cream-like texture. Either too. great or too small a concen- 
tration of solids inhibits efficient,,digestien. 

Four parameters plus the exclusion of oxyge:: from the slurry-- 
it's beginning to sound like a high-technology project! But con- 
struction of a bio-gas plant is really quite simple as anyone looking 
at any of the first three references can see. Basically, a peas 
plant consists of a tank (or tanks) in which the slurry of decom 
posible materials is held, a way of adding more material and removing 
completely decomposed material and a way of removing ie bio-gas 
that is generated. The central tank and associated paraphenalia 
is called a digestor. 

Digestors are classified into four categories according to 
whether they are batch or continuous Ph EN according to 
whether they are vertical or displacement types. Batch type 
digestors are loaded with material, sealed and left alone until the 
process of digestion is complete—anywhere from 50 days to 90 days 
dehendere ibnerace eee and the other important variables. They 
have advantages over other types of digestors in that they require 
little, if any, daily attention. But the disadvantage of batch © 


digestors is that they do not produce a continuous and even flow of 


Wee, 


gas since the gas production of the digestor peaks at some time during 
the period required for complete digestion and then tapers off. 

This can be solved by using more than one digestor and loading them 
at different times. | 

Continuous feed digestors, useful where the supply of Gieceibie 
materials remains fairly uniform, are fed materials at regular 
intervals and have digested ie removed from them at the same 
time. So, on a chicken farm, feed-lot or dairy farm, material eaala 
be dumped into the digestor daily. Gas production, after an initial 
start up period, r continuous and, depending on how closely ineee 
ture is regulated and upon fs nt Eon Cy of materials, is also 
produced at a fairly even atte, 

The other two classifications of a digestor into vertical or 
displacement types simply refers to whether the digestor is hori- 
zontal or vertical. Most digestors built have been vertical Eee 
consisting of an upright cylinder usually buried at least partially 
in the ground so that fecdine ith LS. a Pein raatte: The gas 
collection on this type of digestor is also quite simple. Fither 
the top of the cylinder is sealed tightly and the bio-gas allowed 
to flow from the top of the slurry to a place for storage or Res. 
or it is another cylinder, with one end open and of a smaller 


diameter than the main digestor tank, inverted over the slurry in 


Ee) 


the main tank to catch the gas. As the gas rapnreadh cael Ay GELS 
inverted cylinder, it rises. The gas can be drawn off through a 
valve at the top for use having the advantage that it is slightly 
pressurized from the weight of the inverted cylinder (see figure 4), 
The displacement digestor is a horizontal evlinder.. the 
materials to be digested are dumped into one end, and as the process 
of fermentation progresses, move toward the opposite end of the 
cylinder. This digestor geometry possesses an advantage over the 
vertical type in that the vertical digestor tends to have its ) 
surface clogged with straw after some time, whereas the problem is & 
| reduced in the displacement type. 
Vertical pened a may also be built in one or two stages. 
Since digestion of materials does not progress at a uniform rate 
but tends to produce the maximum amount of gas in the first 2/3 of 
the total digestion time, it may be eeAiins to. build a digestor 
Ii two parce. the f£17Se stage, ror he asta production of gas and 
the second stage for completion of digestion. The relative sizes of 
the two stages must be cen renee from the portion of digestion 
that should occur in each. For example, if 2/3 of the digestion is 
to be done in the first stage and it takes 20 days to complete this 


while total digestion takes 50 days, then the ratio of sizes of the 


First’ to the,sSecond stage mustube 2/3. q 


Wt 


“) 
“SA: 
me i Acslukry 73 / 
Vercucol ss : as 3. he x, 
Scngle Chamber \ ie 





Vertaal Double Chamber 





Horizontol Wd isplace mee eS Lgesier 


Yo. ; 
f LGuya na 


~~ 


am 


3 


There remains a few loose ends to tie up. Assuming that someone 
wants to build a bio-gas plant, how large should it be built, how 
much gas will it produce and most oe Notes rie how much will it cost? 
The answer to the first loose end is relatively easy-——-its size 
depends on the volume of manure and/or digestible materials available. 
to feed it and on the dieestion time required for these materials. 
But in the eer vet case this may not be so easy to peep iain 


First, note that not only is manure digestible, but nearly any 


‘organic material found on a farm lends itself to anaerobic decom- 


position. In fact plant material produces about 7 times as much ~ @ 


bio-gas as manure pound—for-pound. The total amount of gas produccu 


- depends on what the animals making the manure are fed (grain-fed 


animals make better manure for methane plants), and the composition 


of the slurry fed into a digestor. The gas from plant decomposition 


._ usually has a higher CO, content and, therefore, a lower BTU/£t> 


value. Plant material, under near optimum conditions for digestion, 
takes about 70 days to digest wait Te ee takes about 50-days. 

But some mixture of plants and manure will probably produce the 
optimum carbon-nitrogen ratio for Tone Now once the optimum 
mixture and daily (or weekly, monthly, yearly) aval laptitey by 


volume is established and digestion time is roughly determined, then 


the capacity of the digestor is daily volume times digestion time 


4 


for continuous feed digestors. In the case of batch digestors, 
capacity is determined by the amount of material available at the 
time of loading. 

But enough of this. It ish'€ my intention to give a do-it-— 
yourself set of plans for a eo ene oe For this you must 
consult some of the references Se in the bibliography, in 
particular Ram Bux Singh's book or better, L. John Fry's tome, 
Practical Building of Methane Power Plants. But I would like to 
do a cursory analysis of the economics involved. 

In Ram.Bux Singh's book (reference 11) is a list of the costs 
for constructing methane generators of various sizes which Mr. Singh 
and his colleagues designed for ease of pense fone ease of 
maintenance and for their economical construction. The costs of 
construction £5 the U.S. were eeeimarea WAerg Aree tie cable 2 1 ve) 
eS wsdhced part of his table and added some additional ieereey 
These staged are small capacity compared: to L. John Fry's 8000 aes 
per day plant--needless to say, the costs of the methane gas will 
be reduced even farther for a bigger plant (see the case history of 
L.. John Frys plent earlien in this have 

These methane digestors could have a ie in Montana. Feed lot 
operators ought to be particularly interested in them because they 
offer a way to profit from an otherwise bothersome problem. Manure 


from the lot could easily be fed into a large digestor (such as 
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L. John Fry's) resulting in the production of large quantities of 


"su wos ach) =the Stearn Oe he seamen st aT get pe te 


bio-gas which could then be used for generating electricity or 


heating. The problem of disposing of large quantities of digested 
slurry would remain, but perhaps as fertilizer becomes more 
expensive, farmers will become more interested pee for fertilizer. 
Also the slurry ought to be much easier to handle than mente: 
Estimating the size of a bio-gas plant can be quite a chore. ~ 


The best way, of course, would be to daily collect all the manure © 


to be dumped into the digestor and measure its volume. After 


PN bile IE 2 SR RL I Se es 


having done this for a few days, a reasonable estimate as to the 

size of the plant could be obtained. For those who would rather 

not go to this trouble, <a tables are provided below for average — 
output per animal per day. The number of livestock units gives an 
easy way to compare manure production for animals of different sizes. 
On the average, a dairy cow produces 12 times more manure than a 

calf or 120 nee more than broiler chicken. Obviously these 

figures are not terribly accurate, but they can give a reasonable 


approximation to the amount of digestible material. 


ARES : : *) : 
This is the size of Fry's installation. The estimate for its 


initial cost is my own. Most of the money goes for electric 

generating equipment, engines and pumps. The actual bio-gas plant 
costs less. See L. John Fry's The Practical Building of Methane 
Power Plants for Rural Energy Independence. 


Cerin ase LPS sae 00 ot AR EY Rie Pee tes ese = 
I ee ee ee el pe ee ee 
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Toke women ® 
Average Adult Lhs [Loy | arial TotoL Solids bugs 
Anomed urine — Feces per Day Uric 
Bowne (1000 Lbs) 20 59 lo | ¥ : 
Bulls — (0-150 : 
Dour Cos eee | 
Under 2 years bo | 
Colues ihe lo. | 
Suwthe (160 Lbs) 4.0 AByink cena 2041 2 
Boar, Sous ) | 25 
Deg Larger than 160 Ls 20 (@ 
Dig, smaller than (Go Ls lo | 
lJ eaners Po 
kous? 
Geese, turkey (I5lte) oa. 18 1 
Layer Chicken (3.5 Gs) 0.3 ae as 
Broder chicken (1-5Lbs) 0. od 
Humans (150 Qbs). | 
‘pies, Rid he ibs Mle ee a | ci : 


7 APta- L. John bry and Puchard Morty in Methone — 


Degeste rel Gos ond Fertilizer ( Pesea Jero, 
Colitornio | 1973), pean 





eae 


‘Tatle yh 
Tupe. of Manure, Et? of Bro-qas per pound 
| : ot dry smcotter (total setds) 
Pug cot GO F-9 
Gousi af Sxatid 4 de eee 
Chicken peas FGA G2 Ne 
Cmuentunal sewage eee 


4 AN tor LS Johan hy ond Rechard Ment un Methane 
Degesters Fo fuel Gas and Fertilizer. (Deseadero, 
CobiPornca., 1973), p. 19. These mumbers should 
mot fe tTaRen two Auterallby The amount of Sito- Gas 

trom 0. pound ot ory manure also depends on 
what the aumat Aas teen Fed. bw general, G roain- 
Fook amcumals produce a momure that. will make 
vere dns - Gas ond a fertuirzer uit @ Ang her matrooen 
Covent. 
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It might also be possible to build methane generators in place 


of or in addition to the conventional municipal sewage treatment 


plant. Singh reports that municipal sewage is in general too dilute 


to be of use in a bio-gas plent, => 


‘but there is no reason that the 
difficulty could not be overcome by simply evaporating some of the 
water or by letting the solids settle out. Then a sewage plant 
could well become a productive asset rather ts simply a Poe 
headache. A report, which I was not able Po eerie has ee 
of Los Angeles using exactly such a scheme--the bio-gas is used to 
power generators which in turn provide electricity coe the sewage ~ 
plant. 

One problem with a bio-gas plant in Montana would be maintaining 
it at its optimum temperature for methane ‘lh Rae ee Thecwerd Corey 
with enough insulation, not a whole lot of serene would be needed to 
heat it. Using Fry's idea of eirculating his diesel engine's cooling 
water through the slurry may provide supstanetal heat. Exactly how 
- much energy is needed is contingent on maze, of course, and on its 
architecture. That remains a problem for the individual builder to 


solve. 


i 
ao batnge Interview with Ram Bux Singh," The Mother Earth 
News, XVIIL (November, 1972), p. 9. 
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Hopefully the preceding pages have illuminated a few of the 


myriad ways that solar energy can be put to practical use. There © 


is no pretense of being an exhaustive treatise on solar energy— 
that would need many volumes and someone more knowledgeable than I. 
But the paper does adumbrate some of the more interesting and 
economically promising utidizattons of solar energy which can be 


used in Montana, the climate notwithstanding. Also I hope it has 


been unequivocally demonstrated that solar energy is both monetarily 


and ecologically workable and will become even more so in the eitires 
Let me argue once more for the practicability of solar cae) 

using the specific exami of solar space heating. If a home owner 

were to install a flat plate collection system that would supply 

50% of his heating needs, then no matter tae natural peek ates oil 

or electricity prices do in the future (and they will inevitably 

rise), the sun will give energy at a constant dest 5 the cost itself 


longevity of the system. So 50% of the homeowner's 


+ 


heating bill cannot rise. That is surely a powerful argument for 
using solar space heating. 
But it isn't sufficient to consider only the current economics 


of solar energy. The long term costs of conventional energies will 


12G 





increase as the recent "energy crisis" vividly proved. fiat. acta 
solar energy may now be somewhat ents and marginally fenethigs 
in the future it almost certainly will show itself as the most 
economic energy. That it is also the more ecologically compatible 
energy cannot be disputed. 

What can be done to implement use of it? All applications of 
solar energy require initial capital investment beyond thal of ie 
equivalent in conventional energy production S gheere ee Cage Le were 
is capital intensive. There are no fuel costs of Bie as a 1G er ess 


least the same tax breaks were given to the individual user of solar @ 





energy as are given to corporate capital Fc see na ere we ae Pek EG would 
be one added incentive for its ee Perhaps its use could eens 
_ more emphatically encouraged by making ee = breaks on the equip- 
ment for BP energy greater than conventional energy ei Ae 
It deserves deliberation at any ite 

It may be argued that such a break is icon cpthaki Cases So be it. 
Surely Montanans must have some voice in what the future means of 
producing energy will be. The past has shown that major power 
companies respond only to public pressures when they respond at all. 
If such gentle Sarees nailed. then itots at least remctely 
possible that the larger power companies as well as the individual 
user will react with eat as That is worth a modicum of effort ®@ 


at abeas t. 


— 
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Beyond this the ways of stimulating interest in alternative 
energies are somewhat limited. Research could undoubtedly be state- 
sponsored and pioneers in using alternative energy could be subsidized, 


but I suspect that appropriating the dollars for these purposes, 


‘especially the latter, would prove to be difficult. It remains a 


problem for the controllers of the state's purse to resolve. 
Si "SOLar cherry 29 to make any significant contribution to 
energy production in Montana before long, the message of this paper 


is clear: application must begin now. 
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The orientation of the sm with respect to any surface is given 


cos 0 = sin 6 sin $¢ cos s - sin 6 cos $ sin s cos Y 
+ cos 6 cos ¢ cos s cos W + cos 6 sin 6 sin S cos Y cos y 


+ cos © Sin s Sin Y¥ sim. 


where: 6 = angle between the incident beam and the normal to the 


surface; > = latitude (north positive); 6 = declination, the angle 


/ 
Ee ANEMONE IE Ye @. SN PU ae reno Peer ET Matt et Me i aed 


that the sun at solar noon makes with the equatorial plane (north 
positive); s = angle between the horizontal and the surface; 
Y = surface azimuthal angle (zero point due south, east positive, 


a-9 


west negative); W = hour angle (solar noon zero, mornings positive, - 


Ine Waele tela ne 


F 2 
afternoons negative). 


Vea f : 2 A 3 
The declination 6 is given in degrees by: 





This equation can be found in many of the references I've cited, 
though perhaps in a slightly different form. I got it from-Solar 
Energy Thermal Processes by John Duffie and William Beckman. For ) 
geometry enthusiasts, it is a good project to derive it. 


nena ei aha at ARI EO CO EMOTE CECE 


Each hour the sim travels 15° so one hour is equivalent to 


eo athe g 
: ; 


P. I. Cooper, "The Absorption of Solar Radiation in Solar 
Stills," Solar Enerey, XXII: 3 (1969). 


O = 23-45 ‘sin { 202bhin) } 


where n is the day of the year. 


-. For a horizontal surface, the equation reduces to: 


cos 0 = sin 6 sin ¢+ cos 6 cos 6 cos W 


where ols is the zenith angle (the angle between the tacident oe 
and the vertical). Another angle sometimes beeeit is the altitude 
snatiestaptdésinedtas 199% Q. | 

The length of a day can be found ae ae equation for 0 
Since o. < |90°|, we get for a = 90° (its maximum value aor seep OSeAGS | 


to the position of the sun at sunrise or sunset): 


sin 6 si 
Pet eee eee EEO) Ae Sean kt 
cos 6 cos 9 


or 


Gyo es coat (-tan 6 tand). 


Then, since each hour is equivalent to 15°, the length of the day L 


is: 


L= = hae (-tan 6 tan 9) 


laa 


the CSC a, where @ is the solar altitude angle (see appendix 1), c 
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appendix 2: direct beam radiation 


As an Ry. in futiiity I calculated the total yearly amount 
of direct éeam radiation using two unsatisfactory mechodee The 
first method went as follows: values for affect beam radiation on 
2 surface perpendicular to the beam have been tabulated for a 
nested ata (i.e., clear), cloudless atmosphere and panioae optical 


1 : epee RB : ; 
air masses. Knowing that the optical air mass is proportional to 





and knowing the position of the sun for specified times during the 
day; "itis possible to correlate the sun's ere pe ee a value 

for direct beam radiation. Now by falellerdne o. with peequarione 
in appendix 1 and comparing CSC 01 with the’ optical air masses in the 
table reproduced hedous we can come up with a rate for direct beam 
radiation for each day of the year Ean Regen for chau ennere Gere 
Note that this value is the tim oterteel teed iim,» It does not 


consider the effects of,cloud.cover. The latitude, used in this 


- calculation was 45° and the time interval was the length of the 





The optical air mass is the amount of air that sunlight must 
travel through. Using table 3.2 on p. 37 of Introduction to the 
Utilization of Solar Energy, optical air mass can be correlated B 
with a value for direct beam radiation. — 
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day divided by 200. The maximum amount of direct beam radiation 
is then 5-14 x 10° langleys per year. This figure is only to be 
used for establishing the maximum amount of direct beam radiation— 


it is worthless for anything else. 




















Table rig 
; | ’ : ann 
| | Standard, Cloudless Alinos] here Tudustrial, Cloudless Aunosphere vf seve pelo re Oreres a Pn Hit, 
cate Optical j- (oie eee pe : 
ata) nir-mass Direct, Paes A. Direct, hae | 
altitude path* ' perpen- on Yotal perpen- | Hoke Cirro-~ Alto- | Strato- 
Mig m dicular pig al a dicular | antinhie al ib stratus cumulus cumulus Fog 
degrees J | horizontal | i horizontal : : : i 
= ~CSC a radiation | | 1 radiation | dire | ir i ay ho. | Wiss B/ uf : 
I, irene B/ in ip | difference, | B/ Breit B/hr It? B/hr ft? By/hr ft? Sena AN 
| | B/br ft | B/hr tt? jest ex if B/he ft? Babe te | Bln te B/lr ft? ‘i 
) 5 [eso i +, GF Syigieunieoai OPE See 34 12 oe aes ee HT 
10 5.60 123 14 35 5S £ 28 — — 15 10 | 
me 15: 3.82 166 | 19 62 SO 24 45 50 oon 25 15 
20 2.90 197 23 90 103 3k Gt - 70 a0 35 20 
25 2.AU 213 26 118 12] 38 89 95 65 40 20 
30. 2.00 235 28 146 136 44 112 120 di 18) 25 
35 1.74 248 30 Lie e148 4S 133 145 90 | 69 30 
40 j eet 258 31 8 ed Os 158 52 154. 163 105 | 70 35 
415. 141 266 32 220 165 dD 172 185 115 SO 40 
50. 1S 273 33 242 172 58 190 203 130 | 85 40 
60 DlS 283 3-t 279 1S] 63 220.9. 235 150 100 45 
70. 1.C6 | 289 35 307 1SS-° 69 246 260 160 | 110 BAG) 
so eee ue) Gr) (322) 195 Lk se — po Ro Gehan ae 
G0 1QOogaiee2at djive(36) (328) - 200f Lt as =. a are 





* Smithsonian Meteorological Tables, 6th rev. ed., 1951, p. 422 
7 192 would be more consistent with the curve from 70° down, 





¥ a Pigeons note er = - : . 
A. M. Zarem and Duane D. Erway, Introduction to the Utilization 


of Solar Energy. CNew York reGraw~hill ) gape wo?’ 
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The second method went as follows: Tybout and Lof in their 
simulation of a solar heated house found that the diffuse component 
of sunlight could be satisfactorily represented by Cai ffuse = 
O-7S4t 1.07 ot + 6.17 CC where ot is the solar altitude angle in 
degrees and CC is oi sayeee 0 being a clear sky and 10 a completely 
overcast AR Then by Nene the diffuse Enripaneie from the 
total radiation, we are left with the direct beam component of. 


solar radiation. Now by using total hemispheric insolation data 


for Great Falls and figuring the orientation of the sun for each © 





: 


hour that the data is taken, we can calculate the ee of direct 
beam radiation on a surface oriented so that it is always perpen-— 
dicular to the beam. I got | langleys per year as a 

12 year average for Great Falls. This is just the sort of information 
that we need to figure the practicalness of any system using 

focusing collectors. If the overall peat dicoves: of a system employing 
focusing collectors is 25%, then to produce 4 kwhr of enersy 
in one year, we need We of Ue shee This ee one stands 
on shaky legs. The only way to arrive ab a reliable estimate is to 


actually measure direct beam insolation with a pyrheliometer. 


GR G. Lof and R. A. Tybout. “A Model for Optimizing Solar 
Heating Design," ASE Peper No- $2-WiH/Sol-?. (NewYork, ASME), p.Z. 
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appendix 3: computer simulated performance of a’sun heated house 





Back in Pea arcmin solar heating and cooling I gave a 
cost of $2-00 for 10° BIU using a combination of solar and natural 
gas heat. The figure was gotten by using Phaberenct ont simulation 
program (TRNSYS) developed by the Solar Energy Lab at the University 
of Wisconsin. The system that I modeled is schematicized in figure — 
1, and I used the weather data that is available for Great Falls to 
evaluate its performance. Note that this solar heating system is 
very simple, probably not so comes as te that would actually be 
used in Montana, ae eveerheDeean Tt EM ides a good ppetosimation 
of any similar solar heating system. 

Earlier we saw basically how a flat plate collection system 
operates; however, in order to numerically evaluate ee eee os 
must be mathematically Preerined: Of Sees it would be better to 
actually construct the system, and by measuring climatic Gavisblee: 
heating load and the parameters of the pee Ae determine its 


effectiveness. But, since no solar heating system is used enywhere © 


in Montana, we'll have to do the best we can with a computer 
simulation and take the results we get with a grain of salt allowing 


for the approximateness of the results. 
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Now let's specify the parameters of the heating system. 
Afterward I'll briefly explain how to find each of them and what their 


utility saiss 


‘collector 
area A 
c 

tilt of the collector, measured . a 
from the horizontal 

collector loss coefficient — U, 

cover transmission factor times TO 
absorption factor 

collector efficiency factor Fe 

flow rate of water through the My, 
collector 

 storagé ‘tank 

storage tank volume Vv 

height to diameter ratio R 

tank loss coefficient U 

ambient temperature around at 

env 

the tank 

storage fluid density E ) 

heating load 

overall heat transfer coefficient | UA 

room temperature | ak 


(36 


“héating ‘load (continued) 


flow rate through load M 


minimum storage temperature TyIN 


In addition to these system parameters there are two climatic 
vacates that we need for Phe numerical evaluation. They are hourly 
insolation data and temperature. 

First let's consider the collector parameters: The area, in nes 
is the total area of thetcaliacran used to eathdaetaserion EELS 
parameter will be varied to find the optimum size of the system for gy 

“least cost heat. The tilt factor measures the inclination of the 
collector to the horizontal. This angle has eee been optimized 
by several Repple Ete collector should be tilted 10° to 15° plus 
the Loerae of the place from the horizontal. For Great Falls, 
latitude about 47.5°, we'll assign a value of 60°. Note that near the 
optimum angle of Pereeriom the Ss ccutenat the collector tilt has 
little effect on the heat collection capabilities of Cheveveneet 

Now we come to the.more difficult part of determining the collec- 
tor parameters. UL is found by wes eee *" = geometry of the © 


collector, the materials from which the flat plate is made, and the 


Sac for éxample RAPAP*Tyoodt add ©. 0.) G.) Tor |Salax House 
Heating," Natural Resources Journal; W. A. Beckman and J.-A. Duffi 
Solar Energy Thermal Processes; L. W. Butz, W. A. Beckman and J; A. 
Duffie, "Simulation. of Solar Heating and Cooline Systems.” 


\ oi: 


effectiveness of the collector's insulation. Neglecting edge effects, 
the overall collector loss coefficient is lets Sea Ole) the. 
number of glass See plates, (2) the flat nine’ to cover distance, 
(3) plate emissivity, (4) wind speed, (5) thickness of insulation 

and its conductivity, (6) the angle that the collector meet 

the horizontal, (7) average plate Sere foe ul and (8) ambient © 
temperature. An empirical equation has been found by S. A. rats et 

to predict heat losses through the collector ‘top, Up» in a tempera-— 
Le nce 


ture range of operation from 40°C to 130°C + 0.2 watts hed tae 


7 ene ap 
OCT ATT AT 


U. a Ma aN aM A. i ene es a 
oe my -T +3 h € +0.0425N(1-e ) € 
U) P p 


pa oe & 
NEE | 


where N is the number of glass cover plates on the collector, 





T: is the plate temperature in °K, 


war nenesvner Be ates a 
ome a) SSG) SRT Atcarray wom rsaneenue oniag es taming iar imiemeeeeete oe Sis siSSik wis bla Siwlowesne 
256 Crise GIES SEIT ERE §-9 coeyres Wi eGavecameeee saps ah thw ot ate o tdeks ts rome 9 Baio Uads DEAS EC Kee ee ee ee RIE Ae Ses emenie op wee Ae Sess stm eee sve eel a Ee Ce 


£ = (1.0-0.04 h, + 5.0x10-"h, 7) (1-0 + 0.058 N), 
hy Fal-./ + 3.8 (wind velocity in m Wate: t 
= is po cag anes pF glass, ' 
es is ea ae ae of the plate, i 
4 chelc: AveKlein; J..A.. Duffie and.W.. A. Beckmaa,,,"'"Transient_Con-. : 


siderations of Flat-Plate Solar Collectors." Also look at Hottel and 
Woertz's paper, "The Performance of Flat-Plate Solar Collectors,’ and 
Duffie and Beckman's Solar Energy Thermal Processes. 
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[T is the ambient temperature in °K, and 


oO is the Stefan-Boltzmann constant. 


Now we see that the number of glass cover plates does affect the 
efficiency of the collector in tee more plates retard heat losses. 
Later, we'll see that they also affect the amount ileromiu akadhevadeig! 
the flat Tintoeetne more cover plates, the less light reaching the ~ 
ee iecrare For our collector we'll let N=3. That's not a capriciously 
gotten number, but Tybout and LOE's work seems to indicate that for 
severe climates, 3 or possibly 4 cover plates are needed. Pou rns fad 
simulation, the emissivity of glass will be 0.88 and the emissivity 
of the plate is 0.10 over the range of temperatures at which the © 
collector operates. The average wind velocity during Taran the 
month we'll use for the simulation, is 15 mph or Ae, nape TT. is 
simply the temperature in °K. Given all these parameters we are 
still hard put to come up with a number for a Meera Bos is as yet 
unspecified, in fact it varies continuously with the climatic 
variables, flow rate, and the temperature of the incoming heat 
transfer fluid.% Thus, an iterative process is necessary to find it 


as we'll later see. Rather than do this, U, will be taken to be a 





Hye Tybout and Lof, “Solar House Heating." 
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constant, the value of which has been previously established by 
Duffie and Beckman in Solar Enérgy Thermal ‘Procésses for various 
climatic conditions and plate paneratureet But to be certain that 
we don't underestimate UL» therefore overestimating the collector's 
performance, a relatively high value will be picked, ens = 1.9 watts 
nee corresponding to a wind speed of 10 m Se and an ambient 
temperature of —20°C and a plate temperature of .100°C. In fact when 
water is used as a heat transfer fluid, the plate temperature cannot 
by much 
exceed 100° Cluniess the system is pressurized. Furthermore, for 
likely values of a wind speed, tT. etc., U, is not a quickly 
varying function, but it remains relatively stable for a given 
5 
collector. 
The bottom loss coefficient, U,, is given by U, = A k/2 where 


k is the conductance of the insulating material and & is its 


thickness. A reasonable value for k is 0.045 watts yas so if 


—20 ee 


& =55, cn, U, oe OC sat St ea. on 2 
The overall loss coefficient is now U = Yeoh U, or UL = 
-9 watts Hao as +L. 9 watts tee = 10.08 eine Gas Rae For 


more ety see, the zelerence: cited, in, the footnotes, especially 


teh oe 


Solar set Nas Thermal Processes. 


‘eae Duffie and Beckman. Solar Energy Thermal Processes, p. 7.25. 


x >The average wind velocity in January at Great Falls is 6.7 m 
sec , and the mean temperature_is -6.6°C. Given these conditions 
U. varies from 1.3 watts m2°c! for T. = 10°C to 2.00 watts m2°ct 
for T, = 120°C. a 
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Now for ta. For N cover plates the effective transmission 


factor is 


x on s tt a (1-i) 
N 1+(QN-Di 


where i is the index of .refraction of the material used for cover 
plates. This equation can be derived from Fresnel'’s equations; 
Hottel and Woertz do. this and also consider the absorption of light 
6 Hi wal cep ore 

by the cover plates. Ty» the fraction of incident solar radiation 

Ney ‘ . -KL : 
allowed through the cover plates, is given by 1 ili where K is & 
the extinction coefficient of the covers and L, their total thick- 


ness. To a good Uppromimees one the total transmittance, 1 = 


T 


jut ae 


N° Finally, with a plate of absorptance a” and considering 
multiple reflections of the incident diffuse muareeredoe we get the 


transmittance absorptance product Ta: 


oo 


to = tea’ (1-07) nae ee tar 
n=0 a 1- (1-0) P 


6 


H. C. Hottel and B. B. Wdertz. "The Performance of.Flat—Plate 
Solar-Heat Collectors," Transactions of the ASME, LXIV (February, 
1942), pp. 96-97. & 


tees de: Poel bs 
8 


aa 


where Py is the reflection of diffuse radiation. Now we must make 
some oe noha aatbrieh d pian for ease of calculation. Both T and a7 
remain nearly constant for angles of incidence up to 60°. For larger 
angles they begin to increase. Since the major portion of radiation 
will strike the collector at angles less than 60°, we can take va 

and a”to be their values at 60° to a good en a Oe Again we ~ 
err on the side of overestimation rather than underestimation of this 
loss because the values of Tt and a7 at 60° are somewhat less than 
their maximum. For 3 cover plates each of .23 cm thickness and extinc- 
‘tion coefficient .161 es, Lettt? =:70, and we'll let fo eo. 
Similarly Pg behaves much as T° and a” so we'll also use its value 


at 60° which is 0.29 for 3 cover si zeee tn Then ttes=es65. 


oui early in the morning and late in the afternoon is the angle 
of incidence greater than 60°. The fraction of. the day's total 
radiation at these times is quite small. For example, at 8 o'clock 
(solar time) on January 1, the angle of incidence is 57°. For 1956 
the amount of radiation that had been measured up to this time was 
less than 4 langleys. Similarly after 4 o'clock solar time, the 
amount of radiation was less than 3 langleys. The total amount for 
that day was 137.3 langleys so that any significant error introduced 
by this assumption is limited to less than 5% of the total radiation. 
Furthermore, the amount of radiation at this hour may not be 
sufficient to begin operating the collector. 

Ovneee ares moro 5, t ‘and a can be computed, or they can be 
found in chapters 5 and 6 of Solar flnerey Thermal Processes where 
they heve already been calculated. 


7 ‘ 


ree 


Notice that the plate absorptivity and emissivity were assumed 
to be 0.90 and 0.10, respectively. This you.may recognize as 
characteristic of a selective ee Looking back at the table 
of selective surfaces, we see that there are several that meet or 
exceed these requirements. ‘Thus » since ;a,selectivly-surfaced 
collector's performance will be tremendously better than Dee that 
isn't, it is reasonable to give our collector this Poets 
particularly in Montana's climate. 


Before F° is specified, we must know something about the — e 


geometry, of ‘thescollector.: It is, sketched in figure 2. For this 


design the efficiency factor is: 


ae LD oe ia ita 
Se Ma ee eee ar eee eT 
U, tlw DIF) C, mW hy, 


where Ww is the spacing of the tubes, D is the tube's outside diameter, 
C. is the conductance of the bond between the tube and plate, dD; is 


LS the KESt trancster costs ucient 


the tube's inside diameter, and he, 


between the tube and the water... F is the standard fin efficiency 


for straight fins with rectangular profile given by 


cank | =D) /2 © 
ne tan [mcw-p)/2] 
m(w-D) /2 
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The Figure US from lu. A. Beckman and eee Duffie, Solar 
Eneroy Therma Thermal Processes (Sdar Energy Laboratory, Uuu.vers uy 
of Wuseonscn, Madsson , 924).p 7%. 
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W and D being the same as above and a = U,/k6, where 6 is the 
thickness of the fin and k is Boltmann's UE TE ee It should be 


noted that for a specific fluid flow rate and collector design, 


the efficiency factor is essentially a constant. 


It is not my purpose to design Far SREYS eS Here! Bet ere it 
to say that a well-designed collector has efficiencies F* of 8 or 
more, in fact -95, the efficiency I assume in this Slee Teh, ete 
easily attainable. For those who are Bla ehari ot! want to verify 
thie, see Solar Energy Thermal Processes or Bliss' paper on plate 


efficiency factors. a 





For calculation of both F° and U,, a knowledge of the plate 


temperature is necessary, the derivation of which requires some © 


, : gw Ling he | 
numerical analysis. Klein has shown that the mean plate tempera— 


ture, T. is given by 








12 


For a more comprehensive treatment again see Solar Energy 
Thermal Processes, chapter 7, a book on heat transfer, or Bliss’: 
paper on flat plate collector efficiencies. 

iS A. Klein. "The Effects of Thermal Capacitance Upon the 
Performance of Flat-Plate Solar Collectors." M.S. Thesis, University 
of Wisconsin, 1973. © 


where 


GC. 


ae tye fears 
E. ave exp ( ULF /GC,,) ) 


and 


Cr Peer [Sean | ; 


Te is the temperature of the fluid entering the collector. The © 
new factors introduced are: G, the flow rate per unit area of the 
collector; C,, the specific heat of the heat transfer fluid; and S, 


the Yoreuoltr incicen., SOlar radiation. ©. 1S the collector heat 


R 


removal factor and Q5 is.the useful heat gain. With this information 


an iterative process can be used to evaluate U_. A good initial 


L 
peso lor lt seo Tosed soG. 8 Or course being the temperature of 

: m in in ; 

the storage tank. Th varies slightly throughout the day, but its 

influence on UL is negligible. Thus, the assumptions for constant 

UL and F° are justified. Both UL and F~ could be found fron T 

which is gotten by the iterative process outlined above—it requires 
a masochist for the job, however. Since both of them have been found 

by others for various collector geometries, climatic variables, etc., 


it is much simpler to use their results saving computer time and 


work in the process. 


l\AG 


That finally disposes of the collector parameters. 
Except for one last thing. Someone may ask: what about all 
ake glass? Does it ever _ dirty and what effect does that have 
on collector eer pee the. glass gets dirty but the effect 
on collector performance is almost negligible amounting to no more 
than 5% and usually less than the To ee for these effects, 
let's assume that dust and dirt will reduce the sunlight reaching 
the collector plate by 2%. Then we must simply Et Eaeernte 27, | 
from the amount of solar radiation hitting the eestibanes. or 
equivalently reduce the transmittance-absorptance product to 0.63. 
Now we've come to the storage pani ere via Pee adi thes 
work of Tybout and Lof, who found the optimum size of storage to be 
from 10: lbs. of water to 15 thee for every fie of collector area, 
we'll set the storage volume at 58.7 kg of water for every a of 
collector area. Since the size of storage has a relatively 
Se onsen effect reece cost of solar heat when it's tiear the 


: : a5 f : - 
optimum size, the size of storage will be constant for a given 


14 


leat..Collectors,'' Transactions of the ASME, LXIV: 91 (February, 
1942), p. 100, and Duffie and Beckman, Solar Energy Thermal 
PYOGEESSS tp O87 soi 


yes Tybout and Lof, "Solar House Heating," pp. 293-97, for 
the effect of storage size on the cost of solar heat. 


See Hottel and Woertz. “The Performance of Flat—Plaete Solar- 





é 


c 


ate 


collector area. At least as important is the elimination of one more 
cost parameter, and hence, savings in san time. The height-to- 
diameter ratio of the tank is also important because the TRNSYS 
program treats it as if it is see nie The degree o£ stratifi- 
cation depends on this ragiesad also, heat losses from the tank 
(assumed to be cylindrical) depend on the surface area and the 

amount and conductance of the insulation peers it. For the 
storage tank the Se coefficient aie be 1.44 kJ/hr ee, and its 
minimum temperature will be 21.7°C. 

Lastly, the house will be kept at a temperature of 214G and 
will have an overall idee transfer coefficient of 1200 kI/hr°C 
(about 15,100 BTU/DD) . This is a medium size house. How a flat 
plate collection system would perform on no ae house or building 
of a different size or a building that is kept ae different 
temperature wasn't studied. 

It is important to make provisions to drain the collector 
when it isn't operating if the system I've illustrated in figure 
1 is used; otherwise, the water in the collector may freeze and, 
consequently, burst the tubes. That would ruin a large and 
a ieee heuanos the heating system case as effectively as water 


freezing in an engine block ruins it. It would be better to use a 


Pty section 9.3 in Solar Energy Thermal Processes. 


+% 


heat exchanger’ and an antifreeze: solution in euatedtEleGere, but as 
_ this complicates the analysis and increases the cost of the heat, 
I haven't simulated performance of such a system, Should a heat 
exchanger be included, it would lower the overall efficiency of the 
system, but on the positive at Gee it would surely be much safer. 

To reduce computing time I've run this system for two Pein 
January 1954, which represents Great Fall's winters at ‘their 
worst as far as heating loads ts and January 1956, which was about 
an average winter tempera ute wastes In tables 3 and 4 the daily 
performance of a system using 60 ih? of collector is tabulated fo- © 
two weeks in January 1954, and the corresponding two weeks in 
"January 1956. Then in table 5 is the monthly performance of the 
same system from September 1955 to June 1956. Later we'll refer 
back to this system. To really obtain a plausible approximation of 
a solar heating system, it is necessary i evaluate it over the 
entire year or.at least said the entire heating season. Because 
of the computer expense involved, satan T've only done it once. 

In tables 3 and 4 the actual amount of energy put into heating 


the house is the sum of the useful solar heat (column 2) and the 


Tere January 1954 the average temperature was 9.7°F and in 


January 1956, 21.2°F. The average January temperature for the 
period 1941-1970, is 20.5°F... January 1954 is not. quite ‘all of © 
January--radiation data for the first three days were missing, so 

I added the first three days of February to compensate. 
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auxiliary heat (colum 5). This should equal the sum of the’ 
storage losses, the change in the storage tank energy, and the 
heating load with allowances made for round-off errors. The frac~ 
tional amount of the sun's energy collected by the system is simply 
the useful solar heat divided by the radiation on a surface tilted 
60° due south. Table 6 shows the simulated beteOrmancas of solar 
heating systems of various sizes. A little later we'll use these 
figures to determine the energy costs for the systems. | 

At last we've arrived at the key argument for the use of solar 
house heacige in Montana. What will it cost? The initial intese 
ment in a solar heating system will be much greater than an equiva-— 
lent siesta ear (exactly how much greater we'll shortly 
see), but the advantage of having a free and perpetual source of 
fuel may offset the disadvantage of the larger initial Bek, An 
important point to consider is the lifetime of Pe evecee: Con- 
ventional furnaces eventually wear out and so do solar systems. As 
yet there is not enough experience with solar energy to predict 
how long they will actually last, but it seems safe enough to 
assume a 20 year lifetime, disallowing accidents such as broken 
cover plates. Lof's and Thomasen's solar heating systems have been 
in operation for 15 years and at last report show no signs of 
quitting. Australian water heating systems have operated for in 


excess of 15 years with essentially no maintenance and also don't 
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appear ready to die. Anyway, I'll figure the costs over 20 years 

at 10% interest, for 10 years at 10%, and also the costs’ for cash 
‘ 18 

purchase of the equipment. 

Tybout and Lof estimate that installed storage costs are about 
$8 per ag: of collector and that the extra controls, motors, pipes, 
etc. for the solar system cost $250, independent of the size of 

NF Pat a4, os a 
the system. Since the auxiliary furnace for the solar heatin 
system and the furnace for the conventional system are common to 


both systems, we will ignore the costs of both for a comparison of 


solar heating costs relative to’ conventional heating. The most 





difficult part of the system for which to estimate a cost is the 

7 Wit ector itself. The cost of flat micre Bot aero re as ee) 
now produced doesn't really give an accurate view of what they 
could be if they were mass-produced. On the other hand, coming up 
with an estimate for mass-produced collectors is aigriouits So 
I'll use costs Se $20, $30, $40, and #60 Sea in hopes that the | 


actual costs for mass-produced collectors lie somewhere in that | 


Sohe system costs are figured using C = a where C 
. jJ—(1-i) 

is the cost, N is the number of repayment periods (assumed to be 1 
per year for ease), i is the interest rate, and P is the principal 
Or initial’ cost. 

19 ' a u ° uw 
Tybout and Lof. Solar House Heating, Natural Resources 
Journal. Also look at Solar Energy Thermal Processes, chapter 12 





range. Actually $40 per me is about what Perieeenrs. as they are 
now produced, cost and $20 per a is an estimate of what they could 
cost if produced on a larger eesleaG Thus, our estimates should 
Span the gamut of costs. Tables 6, 7, 8, and 9 Sette solar 
heating system cost for the various collector prices and amorti- 
zation periods. 

These systems look relatively expensive and considering the 
cost of natural gas in Montana, they do produce more Berane ive heat. 
For example, natural gas heating in January would cost $31.92 aly 
the present gas prices. For the same Ants heat from a solar 


a 


heating system would cost BL0,730° Electric heating would cost 


$104.17 so solar hades is considerably enue than ile 

Let's also look at the simulation of our heating system for — 
September 1955 to June 1956. Natural gas costs $209.35 for the 
period. The auxiliary heating for the solar heating system costs 
$123.47, and oe this the yearly cost of the system must Seladded, 


For collector costs of $20 per ne this amounts to a total of 


20c2e LOE and Tybout, "Solar House Heating"; Duffie and 


Beckman, Solar’ Energy Thermal Processes, chapter 12; and Butz 
et al, "Simulation of Solar Heating and Cooling System," for 
further detail on collector costs. | 

21 2 Zz 7 
Aveollector area of 60 m and a cost of. $20 per m amortized 
over 10 years. For collector costs of $30, 40, and 60 per m* and 
the same amortization period, the costs are $49.41, 58.09, and 
75.44, respectively. All conventional heat costs are at current 
Montana Power Company rates. 
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Table. 6 ~ 


Solar Heating System, Costs for Collectors 
Costing $20 per m” ($1.86 per ft?) 


ee 





Tots. Cost ac LOLaL COse at 
9 10% Amortized 10% Amortized 
Area (m ) IMmitisl Cost Over 20 Years Over 10 Years — 
30 $1,090.00 § 2,560.63 a, Sage 
40 1,370.00 35 24: FiBOfoeep vlan 92 22-94 CA 
50 | 1,650.00 3,876.17 ; 2,685.30 
60 1,930.00 "Bp 533- Dh yetdards 120009: 
70 sya 29210100 55194472 Ri 3,596.67 : 
80 | 2,490.00 5,849.49 4,052.36 
90 | 2,770.00 6,507.26 : 4,508.05 
100 $9023, 050800 7,165.04 4,963.73” 
110 3,330.00. 7,822.84 | 5,419.58 
120 3,610.00 8,484.58 ; 5,875.11 
140 4,170.00 5 91695796.18. 4 6,786.48 
160 4,730.00 ro ff yf 268 wa 7,698.08 
180 5,290.00 12,427.27 8,609.48 


200 5,850.00 | 13, 742.82 9,520.88 
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Table: 7 


Solar Heating System Costs for Collectors - 
Costing $30 per m2 ($2.79 per ft) 


TOra. Gost ate 
10% Amortized 


LOLaLsCOSE at 
10% Amortized 


18,441.22 


Area lee Initial” Cost Over 20 Years Over 10°Years: 
30 $1, 390.00 § 3,265.39 $ 2,262.22 
40 1,770.00 4,158.08 2,880.68 
50 2,150.00 5,050.78 3,499.12 
60 2,530.00 5,943.48 4,117.58 
70 2,910.00 6,836.17 4,736.02 
80 3, 290.00 DET2E. 87) 5,354.48 
90 3,670.00. 8,621.56 5,972.92 

100 4,050.00 9,514.26 6,591.38 
110 4, 430.00 10,406.96 7,209.82 
120 4,810.00 11,299.65 7,828.28 
140 5,570.00 13,085.04 9,065.18 
160 ce aso. 00 14,870.44 10; 302.08 
180 7,090.00 16,655.83 11,538.98 
200 7,850.00 12,775.88 
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Vaplenou 


Solar Heating System Costs -for Collectors 
Costing $40 per m2 ($3.72 per’ £t”) 


Total Cost -4at 
10% Amortized 


Total Cost at 
10% Amortized 


Area (no) Initial Cost Oveiyy2 Cay ears Over 10 Years 
30. $1,690.00 $ 3,970.15 $ 2,750.48 
40 2,170.00 5,097.76 3,531.68 
50 2,650.00 6,225.38 4, 312.88 | 
60 3,130.00 7,353.00 5,094.08 
70 3,610.00 8,480.61 5,875.28 
80 4,090.00 9,608.23 6,656.48 
90 4,570.00 10, 735.84 7,437.68 

100 5,050.00 _ 11,863.46 8,218.88 
110 5,530.00 12,991.08 9,000.08 
120 6,010.00 14,118.69 9,781.28 
140 6,970.00 16,575.92 11, 343.68 
160 7,930.00 18, 629.16 12,906.08 
180 8,890.00 - 20,884. 39 14,468.48 
200 9,850.00 23,139.62 16,030.88 





foe 


Table 9 


Solar Heating System Costs. for Collectors 
Costing $60 per m2 ($5.57 per ft?) 


Total Cost’. at 
10% Amortized 


Total Cost: at 
10Z Amortized 


32,536. 32 


Area Cat Tecra Cost | Over 20 Years Over 10 Years 
30 $ 2,290.00 $ 5,379.65 | $ 3,726.87 
40 2,970.00 6,977.10 4,833.54 
50 3,650.00 BB 7Et55 5,940.21 
60 4,330.00 10,172.00 7,046. 88 
70 5,010.00 11,769.45 | 8,153.54 

80 5,690.00 13,366.91 9,260.21 
90 6,370.00 14,964. 36 10, 366.88 
100 7,050.00 16,561.81 . 11,473.55 
110 7,730.00 18,159.26 12,580.22 
120 8,410.00 LOs756i 71 13,686.89 
140 9,770.00 22,951.61 15,900.22 
160 11,130.00 26,146.51 18,113.56 
180 12,490.00 29,341.41 20,326.90 
200 13,850.00 22,540.24 


(Go 





$219.97,. 200.52, 0% 350.1 7 depending on how the collector is 
paid reese 

This doesn't really tell the whole Pots hewevery What we 
would like to know are the ees per unit of heat that a solar 
heating system produces. So we will figure Hist that for various 
cases. The efficiency of the Cee iene in both the solar heating 
system and conventional system will be assumed to be 752. That's 
heat ‘only,-we will assume a 20 year lifetime (that's probably too 
short as I've mentioned before) : and to find the oere iin Tae & 
the yearly cost of the system will be divided by the fraction of 
an average year's heating load contained in the month. The results 
of this for various solar heating systems are seen in i vetrac En 2, 
and 3. Except for the case where the pollectoxs are bought outright, 
and no bank collects interest on fie money needed to buy chen the 
costs of solar heat don't look very favorable compared to gas heat 
but when compared with electric heen we see that they are favorable 
indeed. 

We ate gene eee that conventional heat costs will not remain 
unchanged (consider the recent rate ip aE so let's look re 
Serer cod lector: costs OL cooler m2, the.-costs ‘are $249.97, r J 


329.35, 420,64; stor S40yper m2, they are $279. 975) 378.17. end 
b49 P12 Vand? £0%. o60 per m2, S330 97 rao. OL, wanes Ode aT. 
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Fug ike 2 
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see what happens when prices increase by 50% and 100%. The costs 
of solar-natural gas heat for these energy costs are displayed in 
figures 623 64 . Now we see that solar heat does certainly 
become economicatiy wavanteeenuee ey in Montana. Inj fact, (quite 
large collector areas are Aigertied: 

What does this all mean? Simply that the future holds -promise 
for solar heating systems and even ome: Boece well for con 
heat depending on the terms to which you and your banker can agree. 
If an absorption air conditioning system were added to the oe 
heating system, the collectors verted operate yore thugs & 
reducing the cost per unit of energy. The amount of reduction 
Sould be contingent: on the cost of the air conditioner. If 
Someone were to invest in a solar heating system ee he would 
probably be faced with several coors of relatively ehensiye 
energy for heating and cooling (unless he would have otherwise 
used electric heat), but eventually he will have reibcoa cic 
advantage over conventional eee tenes Perhaps a solar heating 


system is worth consideration. 
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appendix 4 


— 


To find the power contained in the wind let's assume that it has 
a density 9 anda velocity v. The kinetic energy E of Senin that 
is moving is E = 1/2 sabe where m isoits mass and jv its velocity. 
Then if we have air of density p moving ee ee pv gives us the 
mass that meves through an area of 1] aa atone aay enn ace power 
P is the time ae of change of aed, P= 1/2 pv-* ip : 1/2 Rk, 
Note that although I've treated p as a constant for the purpose of 
calculating power in tables 1 and 2, it is not a constant but varies 
with temperature, humidity and atmospheric pressure. A typical range 


of densities might be from 900 pane to 1.3198 eu bea I chose 


1000 siya fOr tables. 1, 2, fand.4. 


appendix 5: conversion factors, etc. 


to change 


m 
atmospheres 
BIU | 
BIU 

BIU 
BIU/Et’ 
‘cal 

cal 
cal/min 
cm 

cm 
hes 
ft 

hp 

inches 
joules 
joules 

Gal ‘(keatl) 


kg | 





cm 

cm of mercury 
cal 

joules 

kwhr 

langleys 

BIU 

joules 

watts 

inches 


3 


inches 
3° 

cm 

m 

kw 

cm 

BIU 

cal 


BIU 


1b 


, seo neckion 


multiply by 


100 

76.0 

252 

1,055 

2.93 x 10% 
0.271 

3 
4.184 
0.0698 
0.394 
0.0610 
16.4" 


303 


SESS 


2.54 
TAGs 10m 
Ue239 0 
3.97 


2.20 








on 


to change into multiply by 
kw hp 1234 
kwhr BTU 3F413 | 
langleys | BIU/£t? 3269 
langleys/min watts/en” | 0.0098 
m co bios rp 2,8 
m miles "6,210 x 10 
1b kg nae 
cnt inches” 155 
one | fe 1.08 x 10°73 
ft? nm” 0929 
ft" om” 929 
;: ft? 10.8 
tons kg 907 
watts/em Bensley s/ ric UES 
° Fahrenheit ° Centigrade — subtract 32 and 
' multiply by .555 
(or 5/9) 
° Centigrade - ~ Fahrenheit multiply by 1.8 


(or 9/5) and add 
Bea 
Throughout the paper I've used the metric or SI system of units 
where convenient. For those not familiar with them, the table of 
conversion factors might help in getting an unfamiliar set of units 


into one more familiar. 


ae 


An additional brief note: BTU, cal, Cal or keal, joules, and 


the rate at which energy is expended or delivered (in other words 


energy divided by time), is always expressed in watts, ky or kilovi--- 


(1000 watts), or hp (horsepower). One langley is defined as 1 cal 


ho 
per square centimeter EAS OW Also, p lee tty Pee: ales 


2 5) rs 
m,cmy,m4, andcm to mean square feet, square inches, square 


> 


miles, square meters, square centimeters, cubic meters and cubic 
es es s e = Z 
centimeters, respectively. It is standard notation. Cal/cm may 
- e ra 2 eo e 2 
alternatively be written cal/cem ~ and likewise watts/cm may be 


Written) watts cm. , etc. 
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anpendix 6: manufacturers and retailers of solar energy equipment 


W. R. Robbins & Son 
L40TRN.. WapZz0th.St. 
Miami, FL 33101 


FAFCO, Inc. 
(Freeman A. Ford) 
2860 Spring St. 
Redwood City, CA 94063 
Solar Energy Digest 

UPL O Pr Aste at SAE FIS) 
San Diego, CA 92117 
Sunworks, Inc. 

669 Boston Post Road 
Bull fords yer 06437 


Lrancer, suc. 
735 E. Hazel St. 
Lansing, MI 48924 


Energex Corp. 
5441 Paradise Road 


Las Vegas, NV 89114 
Solar Wind Co. 
East Holden, ME 04429 


Fred Rice Productions, Inc. 


6313 Peach Avenue 
Van Nuys, CA 91401 


Olin Corporation 


East Alton, 11 62024 


solar water heaters 


swimming pool heaters 


‘importer of Beasley 


hot water heaters 


designers and builders of - 


solar heating systems 


"econocoil" solar water 
heater collector plates — 


water heater collectors 


retailers of Quirks,- 
Wincharger, and Elektro 


.wind generators 


solar water heaters 


manufactures flat plates 
for solar collectors 
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